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Abstract

While compact drones are popular with consumers, and more large
size industrial drones are being developed to meet the needs of
various industries. The development of a compact drone that
combines the advantages of large and small drones is expected.
This research aims to improve the structure of conventional multi-
rotor drones to create a drone that has the advantages of both small
and large aircraft. We proposed a drone structure to miniaturize the
multi-rotor drone without changing the rotors and propellers. The
proposed structure reduces the size by shortening the distance
between the motors and by making a height difference between the
rotors. It is shown that the proposed 4-rotor drone (quadcopter), 6-rotor
drone (hexacopter) and 8-rotor drone (octocopter) can achieve about
27%, 46% and 54% size reduction respectively compared with
conventional structure.

The reduction in rotor distance leads to a reduction in rotational
inertia, and the disturbance caused by downwash in the overlapping
region will affect the control performance. To achieve a robust
control on proposed structure, an LADRC based attitude controller
with cascade structure and reduced order observer is proposed. To
evaluate the proposed attitude controller, it is compared with the

conventional controller in simulator and evaluated on drones.
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Chapterl

Introduction

An unmanned aerial vehicle is a pilotless aircraft, which is flown without
a pilot-in-command on-board and is either remotely and fully controlled
from another place (ground, another aircraft, space) or programmed and
fully autonomous[1].Rapid advancements in the design and development
of unmanned aerial vehicles (UAVs) of different sizes, shapes and
capabilities have been taking place recently with new improvements in
flight control and integrated circuit technologies. These devices can
enhance the operation of many environmental, commercial and military
operations. Originally, UAVs were mainly used in military applications.
However, the commercial drone market has observed growing demand
from users across industries bringing many new valuable avenues for the
commercial and usability of drones. The consumer drone market is
expected to be one of the largest categories of consumer robots, and the
market is growing very rapidly. Specialist consumer drones, with similar
capabilities to small, low-cost commercial drones, will penetrate the toy
drone sector quickly[2].

As new trends and technologies take over the market, there is an
expansion phase around data driving industry growth. The commercial
drone market will exceed $55 billion by 2027, according to a new study
by Global Market Insights Inc[3].

1.1 Drone Applications

Drones are involved in many fields, such as investigation and rescue,
monitoring of large infrastructures, transportation, and agriculture.

1.1.1 Survey and rescue applications

Search and rescue (SAR) have been a human-intensive task so far, but
recent technological advancements can make it autonomous. Using
drone surveillance with a recent computer vision technology can increase



the number of humans saved at the time of disaster [4].

Earthquake i1s a typical disaster that is broken out without any pre-sign
and causing not just seriously building damages but also many human
die. The chance for survive of the people trapped in collapsed buildings
depends mainly on the damage types of the affected buildings. Therefore,
a rapid mapping of the affected area is very important not just for
assessing the damages but even more to optimize sharing our rescue
sources[5]. Since the limited sources in disasters a small drone can be a
good solution for rapid mapping. Floods are a typical for a slowly
developing disaster. In many times authority or disaster management
headquarter have enough information to predict the scale and serious of
this disaster. Against the slowly developing but in many times the
country large affected area citizens can be trapped. Even if manned
aerials can help in these situations demonstratively, drone activity around
a limited area also can help for the management[6].

1.1.2 Infrastructure inspection applications

Unmanned Aerial Vehicles have the capabilities to undertake tasks in
remote, dangerous and dull situations. One of these situations is the
infrastructure inspection, at which, using the UAV decreases the risk and
the operation time of the task comparing to a human inspector. Together
with the increasing ease of obtaining imagery, advances in computer
vision and computer processing power have led to a widespread increase
in aerial mapping and 3D-reconstruction[7][8][9].

Abdulla et al’s research[10] presented a small vision-based UAV with
the capability of inspection tasks of a civil and industrial infrastructure.

Traditionally, railway inspection and monitoring are considered a
crucial aspect of the system and are done by human inspectors. Rapid
progress of the machine vision-based systems enables automated and
autonomous rail track detection and railway infrastructure monitoring
and inspection with flexibility and ease of use. Milan et al’s research[11]
explored the usage of the UAVs (drones) in railways and computer vision
based monitoring of railway infrastructure. Employing drones for such
monitoring systems enables more robust and reliable visual inspection
while providing a cost effective and accurate means for monitoring of



the tracks.

1.1.3 Agriculture applications

For years now, drone advocates have cited precision agriculture - crop
management that uses GPS and big data - as a way to increase crop yield
while resolving water and food crises[12].

Agricultural chemical application is frequently needed at specific times
and locations for accurate site-specific management of crop pests.
Piloted agricultural aircraft are typically used to treat large, unobstructed,
continuous acreage crops and are not as efficient when working over
small or obstructed plots. An Unmanned Aerial Vehicle (UAV), which
can be remotely controlled or fly autonomously based on pre-
programmed flight plans, may be used to make timely and efficient
applications over these small area plots . Huang et al’s research[13]
developed a low volume spray system for use on a fully autonomous
UAV to apply crop protection products on specified crop areas.
Obtaining accurate and timely crop height estimates is important to
characterize plants’ growth rate and health. Agricultural researchers use
this data to measure the impact of genetic variation in the crops on
drought resistance and responses to environmental stresses. David et al’s
research[14] presented a UAV-mounted measurement system that
utilizes a laser scanner to compute crop heights, a critical indicator of
crop health. The system filters, transforms, and analyzes the cluttered
range data in real-time to determine the distance to the ground and to the
top of the crops.

Unmanned aircraft system (UAS) is a particularly powerful tool for plant
phenotyping, due to reasonable cost of procurement and deployment,
ease and flexibility for control and operation, ability to reconfigure
sensor payloads to diversify sensing, and the ability to seamlessly fit into
a larger connected phenotyping network. These advantages have
expanded the use of UAS-based plant phenotyping approach in research
and breeding applications. Guo et al’s research[15] reviewed the state of
the art in the deployment, collection, curation, storage, and analysis of
data from UAS-based phenotyping platforms.



1.2 Drone Classification

A variety of UAV system has been developed and in the advancement
phase, some of them includes the Fixed-wing aircraft[16][17],
helicopter[18], multirotor drone[19]. Different types of drones are used
in different missions depending on their movement characteristics.

1.2.1 Fixed wing drone

Fixed wing drones are very simple but saturated in designing and
manufacturing, because of successful generalization of larger fixed-
wing planes with slight modifications and improvements. Fixed wings
are the main lift generating elements in response to forward
accelerating speed. The velocity and steeper angle of air flowing over
the fixed wings controls the lift produced. Fixed wing drones require a
higher initial speed and the thrust to load ratio of less than 1 to initiate a
flight[20]. If fixed wing and Multirotor are compared for a same
amount of payload, fixed-wing drones are more comfortable with less
power requirement and thrust loading of less than 1. Rudder, ailerons
and elevators are used for yaw, roll and pitch angles to control the
orientation of aircraft. Fixed wing drones cannot hover at a place, and
they cannot maintain their low speed. Subsequently, it can be seen that
lift to drug ratio denotes the lift generated by a wing counter to drag
generated. Some consumer fixed drones are shown in Fig.1-1.



Fig.1- 1Fixed wing drones (a)Parrot disco (b) eBee X (c)Bormatec
Maja (d) Albatross UAV (e) Skywalker x8

1.2.2 Flapping wing drone

Flapping wing drones are primarily inspired by insects such as
hummingbirds and dragonflies [Design of an active flapping wing
mechanism and a micro aerial vehicle using a rotary actuator]. The
lightweight and flexible wings are inspired from the feathers of insects
and birds which demonstrate the utility of weight and flexibility of wings
in aerodynamics. However, these flapping wings are complex because of
their complicated aerodynamics. Light, flexible and flapper wings
provide the flapper motion with an actuation mechanism. Intensive
research on flapping wings has been carrying out by drone community
and biologist because of their exclusive maneuverability benefits [An
introduction to flapping wing aerodynamics]. Some Flapping wing
drones are shown in Figure 1-2. [21-25].
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Fig.1- 2 Flapping wing drones (a)Festo SmartBird (b) Festo
Bionicopter (c)Nano hummingbird (d) Harvard Microrobotic Fly

1.2.3 Multirotor drone

Main rotor blade produces a forceful thrust, which is used for both lifting
and propelling. Multirotor unmanned aerial vehicles are capable of
vertical takeoff and Landing (VTOL) and may hover at a place unlike
fixed-wing aircraft[26]. Multirotor are designed by number and location
of motors and propellers on the frame. For example, the multirotor body
can be designed as a traditional helicopter, a tricopter where it has three
arms with three motors one on each, or a quadcopter where it has four
arms with four motors. Multirotor UAVs can also be configured with a
variable number of arms and rotors[27]. Their hovering capability,
ability to maintain the speed makes them ideal for surveillance purpose
and monitoring. The only concern with Multirotor is that they need more
power consumption and makes them endurance limited. Multicopter is
divided into specific categories based on number and positioning of
motors, each category belongs to a specific type of mission[28], and
based on the mission requirement they are classified in various
configurations. Some multi-rotor drones are shown in Fig.1-3.
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Fig.1- 3 Multirotor drones (a)3WQF170 Helicopter (b) V-Coptr
Falcon Bicopter (c) Jupiter Tricopter (d) Mavic Mini Quadcopter (e)
Matrice600 hexacopter (f) MG-1 octocopter

1.2.4 Hybrid drone

Most civil UAV applications require that the UAV be able to perform a
variety of different and complementary operations in an integrated
mission. Some missions require the UAV to take off and land from a
limited runway space while flying at a high cruise speed through the area
of operation. In addition to this, some tasks require the UAV to fly at a
lower cruise speed or be able to hover for stationary measurements.
These complementary but different operational capabilities all point to a
hybrid UAV concept[29].
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1.3 Commercial Multi-rotor Drones

The UAV designs mostly used for commercial applications are fixed-
wing and rotary-wing aircraft. Among rotary-wing designs, helicopter
and multirotor configurations are the most common. Since multi-rotor
UAVs are mechanically simple compared to other types of UAVs and can
take off and land vertically, they can fly in smaller spaces and indoors.
Therefore, it is very popular in the consumer drone market. Across all
applications, multi-rotors represent nearly 90% of the entire market,
demonstrating UAV operators have a clear preference for multirotor over
fixed wing. For agriculture in particular, nearly one-third of UAV
platforms are fixed and two-thirds are multirotor according to the recent
research[30]. The following uses “drone” to represent “multirotor drone”.
The pioneer of aerial photography drones was the French company
Parrot, which launched the AR Drone in 2010.Until then, there were only
military drones and no aerial photography drones for general consumers.
In addition, the Chinese company DJI has introduced aerial photography
drones and industrial drones since 2013, and the phantom series and
mavic series drones have become popular products in recent years due
to their compact size.The phantom and mavic series drones are compact
in size and have become popular in recent years. In addition, the
performance of industrial drones such as the inspire and matrice is
evolving to meet the demands of various fields, but the size of the aircraft
is gradually becoming larger and larger.

1.3.1 Drone size and performance characteristics

Table 1-1and Fig.1-4 show the main drone products on the market in the
last 10 years and their sizes, such as Parrot's ARDrone[31], DJI's
Phantom series, Mavic series, and professional grade drones such as the
Inspire series, Matrice series, and MG series[32].

Table 1- 1 Drone size of recent 10-year products
Diagonal Wheelbase
[mm]

Year Product Name
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2010 AR Drone 360
2012 Flame Wheel F330 330
2012 Flame Wheel F550 550
2012 S800 800
2013 Phantom 350
2013 Phantom2 Vision 350
2013 Phantom?2 350
2014 S1000 1000
2014 Phantom 2 Vision+ 350
2014 S900 900
2015 Inspirel 581
Phantom3
2015 (Professional&Advacned) 350
2015 Matrice 100 650
2015 Phantom3 Standard 350
2016 Agras MG-1 1520
2016 Phantom3 4K 350
2016 Phantom 4 350
2016 Matrice 600 1133
2016 Mavic Pro 335
2016 Matrice 600 Pro 1133
2016 Inspire 2 605
2017 Phantom4 Pro 350
2017 Spark 170
2017 Matrice 200 Series 643
2017 Agrass MG-1S & MG-1P 1500
2018 Phantom4 Advanced 350
2018 Mavic Air 213
2018 Mavic 2 Pro 354
2019 Phantom4 RTK 350
2020 Mavic Mini 213
2020 Mavic Air 2 302
2020 Matrice 300 RTK 895
2020 Mavic Mini 2 213
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Fig.1- 4 Diagonal Wheelbase of Drone Products

As shown in Fig.1-4, smaller drones are being developed to meet the
needs of the general users. The DJI Phantom series and Mavic series
drones are compact in size and have become popular products in recent
years. On the other hand, the performance of industrial drones such as
the DJI Inspire series and Matrice series drones are evolving to meet the
demands of various fields, but the size of the aircraft is getting larger.
The small size of the drone makes it easy to transport. Compared to larger
size drone, the risk of collision is lower, making them easier to operate.
However, the propellers of small drones are small, and they do not have
much payload, their scalability is low, which is a disadvantage of small
drone. When using a large drone, it is more difficult to transport, and its
large size means that you need to constantly check for obstacles in your
surroundings. However, since the propeller is large, the payload is better,
and it is highly scalable, allowing for better-performing cameras and
other external sensors to be installed. Table 1-2 summarized the features
of small drone and large drone.
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Table 1- 2 Features of small drones and large drones

Small drone Large drone

Carry and delivery Easy Difficult
Operation Easy Difficult

Risk Low High

Load capacity High Low

Professional camera,
Sensors Small camera
external sensors
1.4 Purpose

While compact drones are popular with consumers, and more large size
industrial drones are being developed to meet the needs of various
industries. The development of a compact drone that incorporates the
advantages of both large and small drones is expected.

The aim of this research is to improve the structure of conventional
multi-rotor drone and create a drone that has the advantages of both small
and large drone.

In chapter 2, we propose a drone structure to miniaturize the multi-rotor
drone without changing the rotors and propellers. The proposed
structure reduces the size by shortening the distance between the
motors and by making a height difference between the rotors.

The reduction in rotor distance leads to a reduction in rotational inertia,
causing it more difficult to control. The disturbance caused by
downwash in the overlapping region will also affect the control
performance [33] and the downwash is difficult to model. In chapter3,
an efficient active disturbance rejection controller is proposed for the
proposed structure.

In Chapter 4, the proposed controller is compared and evaluated on
different drones.
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Chapter2

Overlapping Rotor Design for

Miniaturization of Multi-Rotor Drones

There are many applications where drones can be used as an efficient
alternative to manual labor[34]. As mentioned in the previous section,
the development of a compact drone that incorporates the advantages of
both large and small drones is expected.

On the other hand, the use of drones comes with risks[35] and often the
use of propeller guards [36] provides protection, but the exposure of the
propeller over the fuselage is still dangerous. A spherical guard to cover
the fuselage has also been proposed[37], which would make the fuselage
even larger, contrary to our aim of miniaturization.

In this chapter, a multi-rotor drone structure is proposed to miniaturize
the drone size without changing the rotors and propellers.

2.1 Overview of Compact Drone Structure

In this chapter, a compact drone structure is proposed. In proposed
structure, the rotors are overlapped by setting a height difference
between adjacent rotor blades to realize a compact size.

2.1.1 4-rotor drone using proposed compact structure

Fig.2-1 shows the rotor layout of a conventional quad-rotor drone and
the proposed drone. The left figure in Fig.2-1 shows the layout and area
of the rotor blades of the conventional quad-rotor drone. The middle
figure in Fig.2-1 shows the layout and area of the rotor blades of the
proposed drone structure that overlaps the rotation area by setting a
height difference between adjacent rotor blades. The right figure in
Fig.2-1 shows a side view of the rotor blades of the proposed structure.
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Defining the radius of the rotor blade as L and the minimum size polygon
enclosing the rotor blade as the aircraft size, the minimum size (rectangle
size) of the conventional drone is 16.00 L? and the size (rectangle size)
of the proposed drone is 11.66 L. In means that the aircraft size can be
reduced by 27.14% by using the proposed structure compared to the
conventional structure.

a5 E
i S |

J'—> ‘ ‘ 3.41L ’

4.00L
Fig.2- 1 Rotor layout of conventional quad-rotor drone (left) Rotor

layout of proposed quad-rotor drone (center) Side view of proposed
drone structure (right)

The compact structure with a height difference can also save more area
as shown in Fig. 2-2, but the structure is expected to be complicated and
difficult to manufacture because of the need to set the height of each
propeller is different. The reduction in rotor distance will cause it to be
more difficult to control. On the other hand, the diagonal rotors of
proposed structure are on the same level that makes implementation
much simpler.
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2.00L~3.41L
Fig.2- 2 Compact structure with four-height rotor layout

2.1.2 6-rotor drone using proposed compact structure

The proposed structure is applicable not only to  4-rotor drones but also
to 6-rotor and 8-rotor drones. Conceptual drawings of various proposed
drones are shown in figure 2-3.

Fig.2- 3 Conceptual drawings of proposed 4-rotor, 6-rotor and 8-rotor
drones

The left figure in Fig. 2-4 shows the rotor layout of conventional 6-rotor
drones and the minimum size (hexagon size).
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Fig.2- 4 Rotor layout of conventional 6-rotor drone (left) Rotor layout
of proposed 6-rotor drone (center) Side view of proposed drone
structure (right)

The middle figure in Fig. 2-4 shows the compact rotor layout and size
(hexagonal size) using proposed structure. The rotating area per rotor
blade is the same for the conventional drone and the proposed drone.
However, the size of the proposed drone is 53.6% (13.86 L? ) smaller
than that of the conventional drone (25.86 L?). The right figure in Fig.
2-4 shows the side view of the rotor blade of proposed drone. There is a
height difference between the adjacent rotor blades, and the rotor blades
that are two rotor blades away from each other are set at the same height.

2.1.3 8-rotor drone using proposed compact structure

Next, we introduce the 8-rotor drone using the proposed structure.

o

2.83 L
Fig.2- 5 Rotor layout of conventional 8-rotor drone (left) Rotor layout
of proposed 8-rotor drone (center) Side view of proposed drone
structure (right)
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The left figure in Fig.2-5 shows the rotor layout of a conventional 8-rotor
drone and the minimum size (octagon size). The middle figure in Fig. 2-
5 shows the rotor layout and size (octagon size) using the proposed
structure. The size of the proposed drone is 45.66% (17.68 L?) smaller
than that of the conventional drone (38.72 L?if L is the radius of the rotor
blade). The right figure in Fig.2-5 shows the side view of rotor blades of
the proposed drone structure.

Fig.2-6 shows a graph comparing the size of the conventional and
proposed structure for the 4 to 8-rotor drones.

Size comparison of conventional and proposed structure

Size [L?]
= [ N N w w B P
o w o (9,1 o w o w

w

quadcopter Hexacotper Octocopter

B Conventional Structure Proposed Structure

Fig.2- 6 Size comparison of conventional and proposed structure

Compared to the drone with the conventional structure, the proposed
structure can reduce the increase of the aircraft size even when the
number of rotors increases.

In particular, the size of the 6 and 8-rotor drones with the proposed
structure is almost the same as that of the conventional 4-rotor drones.
The small size of the aircraft can reduce the risk of colliding with other
objects. In a limited operational environment, the proposed structure can
achieve the performance of an 8-rotor drone with the size of a
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conventional 4-rotor drone. In general, the number of rotors of a drone
corresponds to the upper limit of its payload [38] and the larger the
number of rotors, the larger the upper limit of payload [39].

2.1.2 Bottom mounting of the motor

In most conventional drones, the rotor blades are placed at the top of the
fuselage frame. If this design is directly applied to the proposed structure
with overlapping rotor blades, the rotor area covers the sensors in flight
controller including the pressure sensor, it will be affected by the
downwash generated by the rotor blade. In this study, we propose an
airframe structure in which the rotor blades are placed under the fuselage
as shown in Fig.2-7 to improve this problem. We have confirmed through
experiments that this structure can reduce the influence on the sensor.

7

Fig.2- 7 Bottom mounting of rotors

As shown in Fig. 2-8, when a drone flies, the upper surface of the drone
moves forward, so it is likely to collide from the upper surface. Therefore,
by placing the rotor blades on the lower surface, the risk of collision can
be reduced. The large exposed area at the top of the rotor blade, which
has been a problem in conventional drone safety measures, can be
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eliminated. The safety, size, and weight of the proposed structure and the
conventional structure with safety measures are compared as shown in
Table 2-1. The weight of the proposed structure is the lightest among the
models compared due to its compactness.

N

Fig.2- 8 Image in case of collision

When a drone flies, the upper surface of the drone moves toward the
front, so it is likely to collide from the upper surface, and the bottom
mounting of rotor blades can reduce the risk in the event of a collision.

Table 2- 1 Comparison of proposed drone and conventional drone
safety measures

Size  Weight Safety

Proposed Structure I I II
Conventional Drone with Propeller Guard I II 11
Conventional Drone with Sphere Guard I I I

A comparison of the proposed drone and a conventional drone is made
from three perspectives: size, weight, and safety of the drone. The
proposed drone is compared with a conventional drone in terms of size,
weight, and safety. The size is I to III in order of decreasing, the weight
is I to III in order of decreasing and the safety is I to III in order of
increasing.
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2.2 Control algorithm

In general, the control of a drone can be divided into two parts: the first
is the inner loop that perform attitude control, and the second is the outer
loop that controls the position of the drone from a global perspective by
means of external operation signals from a radio station or ground station.
The inner loop control is shown in upper block diagram of Fig.2-9, and
the outer loop control is shown in bottom block diagram of Fig.2-9. In
conventional drone control, acceleration signals are not used for position
and velocity control in the IMU (inertial measurement unit), which
measures acceleration and angular velocity in each of the three axes, but
are only used to estimate the attitude angle, angular velocity, position
and velocity.

In this researcj, we use cascade controller for attitude and position
control[40]. To achieve the goal of increasing the response speed and
improving the robustness to external disturbances, the acceleration
feedback structure shown in Fig.2-9 is used. The difference from the
conventional inner loop is the acceleration control part highlighted in Fig.
2-9. The inputs to the outer loop are the set values of latitude (X _ref) and
longitude (Y _ref), and the inputs to the inner loop are the set values of
attitude (Pitch _ref, Roll ref, Yaw ref) calculated from the acceleration
error.
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Fig.2- 9 Block diagram of horizontal position control

2.3 Control performance evaluation and efficiency

comparative experiment

2.3.1 Implementation of 4-rotor drone with proposed

structure

Fig.2-10 shows the appearance (front, top, side, and diagonal) of the
proposed drone (the proposed quad-rotor structure). The drone is
equipped with three CPUs (CPUI, CPU2: STM32F103, CPU3:
Raspberry PI Zero W), each of which controls the attitude, gimbal, and
camera. Fig.2-11 shows the relationship between the CPUs and control
targets. The hardware is integrated into a frame board as shown in Fig.
2-12. The case and guard of the fuselage are made of nylon material and
processed by a 3D printer. The distance between diagonal motors is 180
[mm], the overall size is 350 [mm] x 350 [mm] x 129 [mm], and the
weight is 460 [g]. 6 [inch] propellers and EMAX 2306 motors are used.
The specifications of the implemented drones are shown in Table 2-2.
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Fig.2- 10 Implementation of a 4-rotor drone with the proposed structure

RTK-GPS al[ ol

. IMU1 IMU2
CPU2

—F= 8|~ |

VI || 2Axis Gimbal
AN
. I I Camera
Reciever .

PWM Output

- 1 | RaspberryPl zero
Fig.2- 11 Relationship between CPU and each control target

The flight controller and gimbal controller use a 72 [MHz]
microcontroller. The RaspberryPI ZERO is used to collect, process, and
transmit the images captured by the camera mounted on the aircratft.
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Fig.2- 12 Frame circuit board

Table 2- 2 Specifications of the implemented proposed drone

Dimensions 350 [mm]*350 [mm]*x129 [mm)]
IMU sensor MPU6050, HMC5883L
Motors EMAX RS2306 2400KV
Maximum flight speed 2.5 [m/s]
Maximum tilt angle 15°
Gimbal controllable range Pitch: 0-15°
Camera sensor IMX219
GPS Module Ublox M8P

2.3.2 Control performance evaluation experiment

We compared the control performance of the conventional structure
drone and proposed structure drone. The conventional structure and
proposed structure are realized by adjusting the rotor distance of
implemented drone that shown in Fig. 2-10. The same attitude controller
was used for comparison. The experiment was conducted in an indoor
environment, and the flight altitude was set to 1.5 [m]. The pitch and roll
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angles were measured and collected by telemetry in real time. Fig.2-13
and Fig.2-14 show a comparison between the conventional and proposed
structure. Figures 12 and 13 show the results of the conventional and
proposed drone structures. In each figure, the red line represents the
control command, and the blue line represents the actual control result.
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Fig.2- 13 0-degree response of conventional and proposed structure
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Table 2- 3 2-3 IAE comparison

Method IAE
C ional
onventional drone 0.56
structure
Proposed drone structure 0.78

The hovering curve (Fig.2-13) shows that the maximum deviation of the
conventional structure is 0.4° and that of the proposed structure is 0.8°.
Table2-3 shows the hovering TAE (Integral Absolute Error) of each
structure. Though both structures can remain stable with same controller,
the proposed structure showed a larger IAE. The reduction in rotational
inertia, and the disturbance caused by downwash in the overlapping
region may affect the control performance.
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Fig.2- 14 Response test of conventional and proposed structure

2.3.3 Efficiency comparative experiment

In this section, based on measurement experiments and theoretical
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considerations, we show that the proposed drone can output sufficient
thrust and has superior propulsive efficiency to conventional drones
when compared with drones of similar size.

For this purpose, we first conducted experiments to measure the thrust
and propulsive efficiency of the proposed drone and the conventional
drone using the same propeller. Through the experiments, we confirm
that the proposed drone can generate sufficient thrust. We also determine
how much the propulsive efficiency of the proposed drone decreases
compared to that of the conventional drone. Next, we compare the thrust
efficiency of conventional drones with propellers of different diameters
using a mathematical formula. This allows us to determine how much
the propulsive efficiency of the conventional drone with propellers of the
same diameter as the proposed drone decreases compared to the
conventional drone with propellers of the same diameter as the proposed
drone.Finally, we compare the propulsive efficiency of the proposed
drone and the conventional drone of the same size by combining the
results of the experiment and the mathematical comparison. As a result,
we show that the proposed drone is superior to the conventional drone in
terms of propulsive efficiency.

First, we describe an experiment to measure the thrust and propulsive
efficiency of the proposed drone and a conventional drone using the
same propeller. In this measurement experiment, we confirm whether
the proposed drone can output sufficient thrust (thrust that can secure
the weight in flight and the payload for carrying the camera (460 [g] in
total)) and compare the propulsive efficiency of the proposed drone
with that of a conventional drone. There are various methods of
measuring the thrust of a propulsion mechanism that consists of only a
motor and a propeller. The framework of this experiment was
constructed based on one such reference [41]. This experiment is
conducted in the environment shown in Fig.2-15.
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Fig.2- 15 Efficiency comparative experiment environment

The drone is placed on top of the digital weight scale in the opposite
direction, and the aircraft is powered by a stabilized power supply. The
voltage is fixed at 12 [V], and we measure the change in thrust as the
current is varied. The thrust force is defined as the numerical value of
the digital gravimeter, and the efficiency is defined as the thrust force
divided by the product of the voltage and current. The results of the
measurement experiment are shown in Fig.2-16. Fig.2-16-a shows the
result of thrust measurement experiment. Fig.2-16-b shows the result of
efficiency measurement experiment.
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Fig.2- 16 Result of thrust and efficiency comparative experiment

The blue line in the figure shows the result of the proposed drone and the
red line shows the result of the conventional drone. From the
experimental results, it can be confirmed that the proposed drone can
output sufficient thrust. Furthermore, the operating current and
propulsive efficiency of the proposed drone are 11.4 [A] and 3.37 [g/W],
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while the operating current and propulsive efficiency of the conventional
drone are 10.3 [A] and 3.72 [g/W] when hovering is assumed. In other
words, the propulsive efficiency and thrust of the proposed drone are
about 90.5% of those of the conventional drone.

Next, we describe a comparison of the thrust efficiency of conventional
drones with propellers of different diameters using mathematical
equations under the same assumptions as in the experiment. In the
experiment, measurements were made assuming hovering, so we use
static thrust as the thrust for comparison. Suppose that we have two
propellers with different diameters, propellers 1 and 1 = {1, 2},
respectively. The static thrust T; [kg], torque Q;[kg-m], and power
output W; [W] of propeller i are

T; = CripniL}, Q; = CoipniL}, Wi = Q;2mn;, (2-1)

[42].

Cr,i,Co,i i, Li, p are the thrust coefficient, torque coefficient, rotation
speed [1/5], and diameter [m] of propeller i, respectively. We also assume
that propeller 2 is smaller than propeller 1 and that the following holds

between their diameters: L, = alL;, a < 1. Furthermore, propellers 1

and 2 differ only in their diameters and have identical characteristics. In
other words, assume that Cr, = Cr,; =Cr,Cyq =Cor=Cqy . To
facilitate the comparison of propulsive efficiency, the output of each
propeller is assumed to be non-zero and constant. In other words, we
assume that W; =W, =W # 0 . Under this assumption, the
comparison of the propulsive efficiency 7;/ W; is equivalent to the
comparison of the thrust T;. Therefore, the comparison of thrust will be
used as the comparison of propulsive efficiency. Under the above
assumptions, the static thrust T, due to propeller 2 is equal to the static
thrust T; due to propeller 1

1, = (¥a)’T, = BT, (22)

If we set propeller 2 so that the conventional drone composed of
propeller 2 has the same size as the proposed drone, we can see from
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Eq.2-2 that L;=2L and L, ~=1.705L, or 0~0.85. At this time, the
propulsive efficiency and thrust of the conventional drone configured
with propeller 2 is approximately 89.7% of that of the conventional
drone configured with propeller 1. In actual implementation, the
diameter of the propeller can only be changed every 1 [inch], considering
that off-the-shelf propellers are used. Comparing the propulsive
efficiency with a < 0.85 so that the conventional drone composed of
propeller 2 is the same size as the proposed drone composed of propeller
1, the thrust of the conventional drone composed of propeller 2 is smaller
than that of the conventional drone composed of propeller 1. For
example, B ~0.826 when L; =4 and L, =3 [inch], and B~=0.862 when
Ly =5and L, =4 [inch]. In addition, for the case of L,=7 [inch], when
L,=6 [inch], 0>0.85, so L,=5 [inch] is considered appropriate for
comparison, and the B for that case is ~0.80.

Finally, we discuss the propulsive efficiency of the proposed drone and
the conventional drone based on the results of the experiment and the
comparison by formula. First, the experimental results show that the
propulsive efficiency of the proposed drone is about 90.5% of that of a
conventional drone using a propeller of the same diameter. On the other
hand, the propulsive efficiency of the conventional drone with the same
size as the proposed drone by changing the propeller diameter was about
89.7% of that of the conventional drone with the same diameter propeller.
Comparing these results, the propulsive efficiency of the proposed drone
is superior to that of the conventional drone when compared with a drone
of the same size. In addition, the advantage of the proposed drone is
higher in actual implementation because the choice of propeller diameter
is limited. Furthermore, the thrust of the proposed drone can be increased
by increasing the number of rotors due to its compactness. Therefore, the
energy loss caused by the proposed structure is not considered to be a
significant problem.

2.4 Cooperative flight experiment of the proposed

35



drone swarm

In this section, we construct cooperative flight control of multiple
proposed drones and suggest a framework for high-precision
measurement by drones through demonstration experiments in outdoor
environments. Conventional drones, especially those equipped with
propeller guards, are large in size, and as a result, it is difficult for each
drone to perform measurements at a close distance from each other. On
the other hand, the size of the proposed structure is smaller than that of
conventional drones, even when the number of rotors 1s increased, so that
the drones can easily measure each other at close range. In addition, the
proposed structure, which is designed to be safe, makes it difficult for a
collision between drones to lead directly to a drone crash. Therefore, the
proposed drone is suitable for cooperative flight by multiple drones. 3 of
the proposed drones were fabricated (Fig.2-17), and their cooperative
flight experiments were conducted in an actual breeding field. The target
field is a data farm located in Sarabetsu, Hokkaido, as shown in Fig.2-

18, and the experiment was conducted on August 16, 2017.

£
Fig.2- 17 Implemented drones in cooperative flight experiment
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Fig.2- 18 The data farm

The cooperative flight of the 3 drones is performed by connecting the
ground station to each aircraft via wireless XBee modules, as shown in
Fig.2-19. The data packet exchanged between each drone is as follows:
<time 1, destination location information 1, camera operation 1>. The
data is shared at a frequency of 5 [Hz]. Destination position information
(longitude, latitude, altitude) is calculated at the ground station and sent
to each drone along with the camera operation (tilt of the gimbal and
shooting command). Each drone moves to its own location and takes
pictures according to the received packets. In the cooperative flight
experiment, we execute a plan in which three drones fly to their
respective target points in the same direction and at the same speed.
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Fig.2- 19 Diagram of communication

As shown in Fig.2-20, a cooperative flight by three drones was realized,
and a sample image captured by a drone is shown in Fig.2-21. The
cooperative flight framework enables us to capture images of the crop
from multiple viewpoints simultaneously. This is expected to improve
the accuracy of 3D reconstruction by suppressing the influence of factors
such as wind, which can deteriorate the accuracy of 3D reconstruction.
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Fig.2- 20 Cooperative flight experiment
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Fig.2- 21 A sample image captured by a drone

2.5 Conclusion

A multi-rotor drone structure is proposed which has higher safety than
the conventional propeller guard and can make the size compact by
making rotor blades overlapped, and by setting a difference in height on
adjacent rotor blades. It is shown that the proposed 4-rotor drone
(quadcopter), 6-rotor drone (hexacopter) and 8-rotor drone (octocopter)
can achieve about 27%, 46% and 54% size reduction respectively
compared with conventional structure. In order to evaluate the proposed
method, a quad-rotor drone with proposed structure is implemented, the
propulsion capability and control performance comparison experiment is
performed in an indoor environment. In addition, we made multiple
proposed drones, and demonstration are conducted in an outdoor
environment, suggesting a framework for remote sensing using drones.
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Chapter3

Efficient Active Disturbance Rejection

Control using a Reduced-order Observer

The compact drone structure is presented in chapter 2, and the attitude
control performance is compared using conventional cascade PID
controller. A model free and anti-disturbance controller is expected due
to the disturbance caused by overlapping propellers is difficult to model,
and the disturbance caused by the overlapping propellers also affect the
control performance. In this chapter, by combining the conventional
cascade control with reduced order LADRC, an efficient attitude
controller is proposed

3.1 Drone Attitude Controller

Attitude control is the most essential part of a multi-rotor drone because
the velocity and position controls are achieved by controlling the attitude.
A stable attitude control improves the performance of the velocity and
position controls. The cascade control method is widely used in flight
controllers compared with the single closed-loop attitude control method
since it achieves setpoint tracking with less overshoot and faster response
[43][44].

Han proposed the active disturbance rejection control (ADRC) method
[45][46] that estimates and removes disturbances using an extended state
observer. By rejecting the estimated disturbance, the system model
approximately transforms into an integral chain. Gao proposed a
linearized ADRC (LADRC) method using a PD controller and a linear
ESO (LESO) [47], simplifying the conventional ADRC method. Also,
the ADRC method has been developed for attitude control in drones [47-
53].

Due to the use of inertial sensors, drones have high precision. The
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observation of the feedback signal in a conventional ADRC algorithm
can be further omitted, and the disturbance rejection can be achieved by
directly estimating the total disturbance value. This is a more simplified
implementation of the ADRC method on a flight controller. Due to the
robustness and responsiveness of the cascade closed-loop structure, we
proposed a cascade-LADRC attitude controller in which a first order
LESO is used to simplify the conventional LADRC algorithm for
disturbance estimation. Through simulation, the control performance
of the proposed method was compared and evaluated in relation to
conventional control methods.

3.1.1 Cascade PID attitude controller

With the improvement in the performance of inertial sensors, drone
attitude estimations and angular velocity measurements have become
more accurate and reliable. Using the data of these sensors for feedback
makes drone control easier and more stable. Usually, a drone uses a 3-
axis gyroscope to measure the body's angular velocity and then uses a 3-
axis accelerometer to estimate the body's attitude. The conventional
control methods that use this data for attitude control are described below.

Compared with a single closed-loop attitude control method (Fig.3-1),
the widely used angular velocity cascade PID controller has a faster
response speed and a smaller overshoot.

target

attitude + PWM
PID Drone

angular
velocity

attitude ]
Estimator

acceleration

Fig.3- 1 Block diagram of a single closed-loop PID controller

A cascade controller for an attitude control block diagram is shown in
Fig.3-2. The angle error is taken as the input of the attitude controller (P
controller) to calculate the angular velocity setpoint, and then the angular
velocity controller (PID controller) calculates the PWM output for the
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motors. The structure is simple, and the parameters are few, so it is easy
to implement the algorithm with a microcomputer as a flight controller.

target

attitude + + PWM
P PID » Drone

attitude
angular velocity

Estimator

A A

acceleration

Fig.3- 2 Cascade control block diagram

3.2 Linear active disturbance-rejection control

3.2.1 Linear active disturbance-rejection control

Conventional nonlinear ADRC applies ESO to estimate system
disturbance and achieve robustness through real-time disturbance
rejection. It is characterized by complex structural implementation and
has many parameters [54]. LADRC linearizes the ESO, and the
parameters are related to the bandwidth of the observer. Furthermore, the
control model is simplified using a simple PD controller. The block
diagram of the LADRC is shown in Fig.3-3.

r + u y
— PD 1/b, * plant >
by
7, !
. Z | Linear
1 ESO

Fig.3- 3 LADRC block diagram with full-order LESO

When only considering the angular acceleration and torque of a drone in
one dimension, the attitude control model with the torque input and angle
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output can be regarded as a second-order system. For a second-order
system,

y = —a1y —a,y +w + bu, (3-1)

where y and u denote the system’s output and input, respectively, a,
and a, denote the system dynamic coefficients, respectively, and w is
the external unknown disturbance. b is partially known, where the
known part is by, and the unknown part is 4b. Then, Eq. (1) can be
rewritten as

y = —auy — a,y + w + (4b + by)u,
= f + bou, (3'2)

where f is the total disturbance that is composed of the system internal
dynamics and the external disturbance. When taking x; =y, x, =y,
and x; = f as state variables, its state-space representations can be
expressed as:

5c=Ax+Bu+Ef,
y = Cx,

X1 X1 0 1 O 0
where x=(x2), 5c=(X'2>, A=(O 0 1), B=<b0>, E =
X3 X3 0 0 0 0

0
(O), and C = (100).
1

(3-3)

Then, the linear ESO is created for the above state-space model:

Z\ /0 1 0\ /Z1\ /0 1
(z‘z)(o 0 1) (Zz>+(bo> u+(lz> 0 = zy),
Zs/ \0 0 0/\z3/ \0 l3
(3-4)

where y is the output, and z;, z,, and z; are the estimated values of
X1, Xy, and x3, respectively. Then, the linear ESO can be rewritten as:
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Az+ Bu+ L(y — Cz),

Z =
y==Cz (3-3)

Ly

where L = (lz). z, and z, are used as the feedback of the PD
3

controller. For the disturbance rejection, zs is subtracted from the PD
controller’s output.

3.3 Cascade-ADRC with First Order LESO Attitude

Controller

Due to the high accuracy and reliability of modern inertial sensors, the
estimation of system outputs in LESO can be omitted. Therefore, using
a reduced order LESO can reduce the massive of calculations and
simplify the implementation of control algorithm.

3.3.1 Reduced order LESO

Suppose the system output y is measurable and reliable, the estimated

output y is removed from the observer, keeping the estimations of y

and f. Then, a second order LESO with z = (z; z,)T € R?, where z1

and z2 are estimated values for y and f, can be written as below:
Z= Azz + Bzu + Lz(y - sz),

- 3-6
. (3-6)

\'1

where A, = (8 (1)), B, = (%0), L, = (Z), C,=(10),and V =
(01).

Furthermore, suppose y and y are both measurable and reliable,
then LESO only keeps z € R! for disturbance estimation. Thus, J can
be introduced to correct the feedback, and a first order LESO can be
written as:

Z= Alz + Blu + Ll(y - bou - C1Z),
f=z
where 4, =(0), B; =(0), Li=(L), C;=(1), and V; =(1).

(3-7)
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Equation (7) can be rewritten as *

z=1{ —byu — C2),
f=z

Observe that the calculations in LESO have been simplified to scalar
calculations [55][56]. Thus, we applied the first order LESO is used to
simplify the attitude controller.

3.3.2 Cascade-LADRC attitude controller with first order

(3-8)

LESO

A conventional cascade PID attitude controller employs a PID
controller for angular velocity control. However, we replaced the PID
controller with LADRC (with first order LESO) and proposed the
cascade LADRC controller in Fig. 3-4 and Fig.3-5 shows the LADRC
attitude controller with first order LESO.

Target

i +
aM»()—» P =(—* LADRC PWM! brone >

Angular acceleration

Attitude Angular velocity

Estimator Acceleration

F A

Fig.3- 4 Proposed cascade-LADRC attitude controller block diagram
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Target angular
velocity + u

PD O 1/b, Drone T
r S  {
F 3

A 4

Angular acceleration

Angular velocity

Fig.3- 5 Detailed block diagram of the LADRC in Fig. 3-4

Drone attitude angles can be calculated using an accelerometer and
gyroscope. The angular velocity is measured using a gyroscope, and the
angular acceleration is given as the differential of the angular velocity.
Considering the roll-direction attitude control, the roll and controller
parameters of a drone attitude angle are shown in Table 3-1.

Table 3- 1 Definition of drone attitude angles

Parameter Symbol
Roll angle setpoint Qref
Roll angular velocity .
setpoint Pret
Measured value of roll

angle ¢
Parameter P of P- k
Controller P1
Parameter P of LADRC k
Controller P2
Parameter D of LADRC kd
Controller 2
LADRC Controller b
LESO Parameter 0
LADRC Controller I
LESO Parameter

Controller output Uroll
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The inner loop input is calculated using the P controller:

¢ref = kpl (Qoref —Q ) (3'9)
The first order LESO estimates the disturbance value based on:
z=1($ — bou — z), (3-10)

and the output of the LADRC controller is calculated using

k(9o p—0)—kel =
Upoy = p2(@ f :;) 29 Z. (3_11>

The controller for other attitude angles is the same as the above equations.

3.4 Simulation

In order to evaluate the performance of the proposed method, a
comparative experiment was implemented by simulation. An attitude
model of a quadrotor drone was built as the control plant. By observing
the response of each control method under the same disturbance, the
robustness, and the disturbance-rejection performance of each method
were evaluated.

3.4.1 Drone attitude model

The modeling parameters of a drone are shown in Table 3-2.

Table 3- 2 Definition of the attitude model parameters

Physical Quantity Symbol
Roll Q
Pitch 0
Yaw Y
@ P
6 q
Y r
Inertia tensor Ji
Inertia about body x axis I
Inertia about body y axis Iy
Inertia about body z axis I,
Torque ¢ Ty
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Torque 6 Tg
Torque Y Ty
Length of body arm l
Thrust of left motor Fleft
Thrust of right motor Frignt
Thrust of front motor Ffront
Thrust of back motor Fpack

When a drone has a “+” structure, the output torques generated by each
two opposite motors are given [57] as:

T(p = l(Fleft - Fright):
T — l(Ffront - Fback): (3'12)
Ty = Fleft + Fright — Ffront — Fpack:

Also, the attitude angular acceleration can be written by the torque
equation, as shown in Eq. (13):

@ p Tp
6 |=-/""w X](Q) -J (Te>, (3-13)
0 r Ty
J, 0 O 0 —-r g
where J={0 J, 0] wx= ( r 0 —p).
0 0 ]z —q p 0

Only when considering the roll direction and linear approximation with
small g and r wvalues, a roll-control model (Fig. 3-6) based on Eq. (3-
13) is built for simulation. The system input is the torque that scaled to
the PWM value, and the output is the angle in radians. The arm length
of the modeled drone is 0.3 m, and the inertia about axis x is 0.002
kg/m3.
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PWM to kg

. .’b .’p .’b > 1 1
o S L B : )
torque angular S |dRoll/dt S ol
(s]

u I ti
Arm length 1/gx 2cceieration Integrator1 Integrator2

Fig.3- 6 One-dimensional simple attitude model in the simulator

3.4.2 Comparative experiment

In this section, the conventional cascade PID controller and proposed
controller are implemented in the simulator (Fig.3-7, Fig.3-8):

| =©—P PID(s) PID(s) >+ |:I
i P u Roll >

. >
Step roll P controller roll velocity controller Add Scope
drone1
AU | herivative ﬂl-lﬁf

At

Disturbance1

Fig.3- 7 Cascade PID controller in simulator
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Disturbance
I o PID(s) —>©—> PID(s) —>© - =II> >+ u Roll >

A A A
Step roll P controller roll velocity controller b

Scope

drone

Angular Acceleration

Angular Velocity1

du !
AL

Fig.3- 8 Proposed method in simulator

The system input command and external disturbance for each method
are generated by the same signal sources. The reduced order LESO is
constructed by a one-dimensional state-space model. The output of each
method is limited to a PWM value 20000 that means 4 kg.

First, the response to the step signal is compared. Then, the robustness
under different disturbance is compared. Two kinds of disturbance
signals were generated, where one is a random noise signal that simulates
the wind disturbance (Fig.3-9), and the other one is a step signal (Fig. 3-
10) that simulates the payload and the unbalanced situation.

il

IRandom(Disturbance gib[PWM

[
" —»u Roll F——p

\ 4

[Add m
[Dronel

Fig.3- 9 Random disturbance in the simulator
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|

Constant[Disturbanel

[gHoPWML

L]
> 4 —» u Roll ————p

AddL m
[Dronell

Fig.3- 10 Constant disturbance in the simulator

3.4.3 Results

Related studies[58] have demonstrated through equivalent
transformations that PID is a special case of LADRC with an infinite
observer bandwidth. Their frequency response at low frequencies has
similar response characteristics. In this comparative experiment, we
adjusted the controllers to have same PID gains. Although there is no
integral term in the proposed method, from Eq.3-10 and 3-11, it is known
that the integral gain of the proposed method is approximately equal to
Pl;, by can be tuned. The step response of conventional and proposed
controller is shown in Fig.3-11.

05 - _;m e i ittt
0.4r

§03

3

=02
0.1 —Target

==-Cascade PID
b | | = Proposed Method
0 2 8 10

4 6
time [second]|

Fig.3- 11 Step response of the conventional and proposed controller

When the command signal was fixed, the performance of each system
under random disturbance is shown in Fig.3-12, the random disturbance

signal is shown in Fig.3-13, and the output of each controller is shown
in Fig.3-14.
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‘ o % :
701 i . ; | . \._“},‘ | | | | ‘ | - Ir.’ -
= ]
[
[
LT
-0.2F ! | | : T I [ '\:/{ |
I I I I 1 L ! : )
0 1 2 3 4 5 6 7 8 o 0

time [second]

Offset=0

Fig.3- 12 Performance of conventional and proposed controller during
the random disturbance, IAE of Cascade PID:0.679, IAE of proposed
method:0.552

100 T T T T T T T
—Random Disturbance

a
o
T

random disturbance [g]
[5)
o o
T T

-100 :

time [second]

Fig.3- 13 Random disturbance signal (noise power=500, sample
time=0.5s)
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Fig.3- 14 Controller output during the random disturbance

When the command signal is fixed, a continuous constant disturbance
is applied at the moment of 1 second. The simulation results of the 2
methods are shown in Fig.3-15, the constant disturbance signal is shown
in Fig.3-16, and the output of each controller is shown in Fig.3-17.

0.25 —Target

----- Cascade PID
0.2F - Proposed Method |-

o
-
8]
T
~
]

o
=
T

£

roll [rad]

o

o

o
T

-0.05

-0.1 : :

Ofset=0 time [second]

Fig.3- 15 Performance of conventional and proposed controller during
the constant disturbance, IAE of Cascade PID:0.407, IAE of proposed
method:0.250
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Fig.3- 16 Constant disturbance signal

500 T T T T T T
----- Cascade PID
Proposed Method

=)
=
o
= 0 1
=
B
=]
[s)

_500 Il 1 1 Il 1 1 Il 1 Il

0 1 2 3 4 5 6 7 8 9 10

time [second]

Fig.3- 17 Controller output of conventional and proposed controller
during the constant disturbance

The maximum deviations under two kinds of disturbance are
summarized in Table 3-3.
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Table 3- 3 Maximum deviations and IAE under the random and
constant disturbances

Random Constant
Method 1:l/llzsl:‘urbance 1Sllzj‘urbance
deviation IAE deviation IAE
Cascade PID 0.222 0.679 0.147 0.407
Proposed Method 0.177 0.552 0.116 0.250

We integrate the error in Figure 3-12 and get IAE of the two methods,
then square of outputs’ L2 norm in Figure 3-14 are compared to obtain
the energy consumption. It shows a 19.0% reduction in IAE when using
the proposed controller. Energy consumption is only 0.22% more than
conventional method. During constant disturbance, the IAE of the
proposed method decreased by 38.6% under constant disturbance.

During the different disturbances, proposed method had a minimal
deviation during the disturbance. These results indicate that the proposed
method can effectively suppress the oscillations caused by random
disturbances. During the continuous constant disturbance, the simulation
provided a similar result that the proposed method has the least deviation
and best convergence speed.

3.4.4. Conclusion of Simulation experiment

Since modern inertial sensors for drones have high precision, the
observers in conventional LADRC methods which are used for attitude
control, can be further simplified. We used a simplified first order LESO
method for attitude control, where the system could reduce the
calculations and make the implementation lighter in weight. Due to the
responsiveness of the cascade structure and the robustness of the
LADRC, the cascade-LADRC method for multi-rotor attitude control is
proposed. Through simulation, the performance of the proposed method
was compared with conventional cascade PID controller. Under different
disturbances, the proposed method had a faster response and a smaller
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deviation. Compared with the cascade PID control method, which is
commonly used by flight controllers, the proposed method could
effectively suppress the oscillations caused by disturbances.

57



Chapter 4

Implementation and

Comparative Experiments

4.1 Implementation of attitude control algorithm

In this chapter, we implement the efficient cascade LADRC attitude
controller proposed in chapter 3 on the compact drone proposed in
chapter 2 and evaluate the control performance. Then the proposed
attitude controller is evaluated on a conventional structure drone.

4.1.1 Implementation of attitude controllers

Considering the attitude in the roll direction, the finite difference
method is used to discretize Eq.(3-10) and estimate the disturbance value.
Then, the controller output can be updated using (3-11). The disturbance
estimation and control frequencies are 250 Hz, respectively.

To compare the control performance of the proposed method with the
conventional method, we implemented the widely used cascade PID
control method shown in Fig. 3-2. Process of each control algorithm is
shown in Table4-1 and Table 4-2.

Table 4- 1 Output update of cascade PID controller

Output Update of Cascade PID Control

Begin

1 Oref = kp1 (Prer — @)
2 p = Pref — @

3 I(p = ki e(p

4 Iy := Limit(l,)

5 u:= kpyey + 1, — kd, ¢
End
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Table 4- 2 Output update of proposed controller

Output Update of Cascade LADRC with first order LESO

Begin

@ref = kp1(@rer — @)
2 z:=1(¢p — byu—2z)
R} Zt::Zt_1+ZXdT
4 z; = Limit(z;)
5 kpo (@ref — @) — kdy — 2,

u:=
bo

6 Zt-1 = Zt
End

4.1.2 Comparison of computing cost
When using a full order observer, it can be discretized using Eq. (4-
1[59], B isthe full order observer bandwidth. When disregarding the

time consumed on reading and preprocessing time of the data
(calculation time for @z, 'y, Hg, Jg), the comparison results of first
order and full order observer computing cost are shown in Table 4-3.

z(k +1) = Ogz(k) + Iguy(k),

Ya(k) = Hyx + Jgitq(F), (4-1)
where
38 —2 ar 0 0 3—38
O =| -3(1—pB)?*/dT 1 dT |, Ty =| bodT 3(1—pB)?/dT |,
—(1-=-p)3/dT? 0 1 0 (1-p)3/dT?
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B3 0 0
Hy=|(-2+38-p3%)/dT 1 0 ) and
—(1=4)3/dT?> 0 1

0 1- B3

Je=|0 (2-38-p%/dT |
0 (1-p)3/dT?

Table 4- 3 Observer calculating cost comparison of full order LESO

and reduced order LESO
Addition and o
) , Multiplication
Observer subtraction execution o
. execution times
times
Full order LESO 18 30
First order LESO 2 4

The number of addition and subtraction operations for the first order
observer is 1/9 of that of the full order observer. The number of
multiplication operations has also been reduced by more than 6 times.

Next, we compare the computing cost of the cascade PID and the
proposed method. When disregarding the time consumed on reading and
preprocessing time of the data, a full process computing cost in one loop
for conventional cascade PID and proposed method are shown in Table
4-4. The number of addition and subtraction operations in proposed
method is 3 more than that of cascade PID. The number of multiplication
and division operations in proposed method is 2 and 1 more than that of
cascade PID respectively. After implementation, the execution times for
cascade PID and the proposed method are 13us and 26us respectively.
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Table 4- 4 A full process calculating cost comparison of cascade PID

and proposed method
Addition o Limit
o Division .
and Multiplication o function
, i Multiplication )
Observer  subtraction execution X operation
. . execution .
execution times . execution
. times .
times times
Cascade
4 4 0 |
PID
Proposed
P 7 6 1 1
Method

4.1.3 Implementation of velocity control and position

control

The velocity and position controls were implemented using the
cascade control method. Their block diagrams are shown in Fig.4-1 and
Fig.4-2. Since attitude control is one most essential part of the velocity
and position controls, we compared the velocity and position control
performances of the drone when either the proposed attitude control
method or the conventional method was applied.

Target Tq rget
velocity attitude Attitude

Pl control

Velocity

Fig.4- 1 Velocity control block diagram
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Target Target Target

position Pl velocity velogity | - atitude
—(O> Pl | control

&

Velocity

Position

Fig.4- 2 Position Control block diagram

4.2 Performance Evaluation of Cascade LADRC

Attitude Controller on Compact Structure Drone

In Chapter 2, a larger error in attitude control is shown when using the
proposed compact structure.

The proposed attitude controller is therefore applied to the quadcopter
with proposed compact structure. A comparative experiment with
conventional cascade PID controller was performed to verify the
robustness of the proposed attitude controller.

4.2.1 Comparative experiment on quadcopter with compact

structure

In this comparative experiment, we compared the performance of the
conventional and proposed attitude controllers when responding to the
0-degree command. The flying height was set at 1.5 m. We completed 5
sets of the comparison. Fig.4-3 and Fig.4-4 show the result of 2
controllers.
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Fig.4- 3 0-degree response of cascade PID controller
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Fig.4- 4 0-degree response of cascade LADRC with reduced order

observer

4.2.2 Result of comparative experiment on quadcopter with
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compact structure

Table 4-5 shows the IAE in 10s of each controller. Table 4-6 shows
the standard deviation in 10s of each controller.

Table 4- 5 IAE in 10s of each controller on compact structure drone
IAE
Testl Test2 Test3 Test4 TestS

Method

Proposed 30 31 29 26 29

Cascade PID 4.5 4.1 3.9 4.9 3.6

Table 4- 6 Standard deviation of each controller on compact structure
drone

Method Standard deviation

Testl Test2 Test3 Testd TestS

Proposed  0.087 0.089 0.087 0.089 0.094

Cascade PID 0.143 0.128 0.121 0.143 0.109

The proposed controller shows a smaller deviation, with a smaller IAE
in 10 seconds than the cascade PID controller. The IAE in 10 seconds
was reduced by 30%, demonstrates that the proposed controller can
achieve more robust control on the drone with compact structure.

4.3 Implementation of a vision-based drone

We designed and built a vision-based compact quad-rotor drone to test
the control algorithm. In the basic control, a 72 MHz microcontroller was
used as the flight controller to perform attitude calculation, control, and
data communication. For Realsense T200 series cameras are widely used
in robot indoor applications [60][61][62]. In our research, the internal
module t261 of t265 was used for obtaining real-time information on the
velocity, position, and orientation of the drone. A Raspberry Pi 4 is used
as the high-level controller to complete the data communication with the
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flight controller. The specifications of the implemented drone are shown
in Table 4-7. The schematic of drone’s hardware system is shown in
Fig.4-5 and the implemented drone is shown in Fig.4-6 .

Table 4- 7 Specifications of the implemented drone

Dimensions 399.8 x 294.6 x 16.9 mm
Battery 3cell LiPo battery
Propeller 7 x 2.7inch
Motor 2305KYV brushless motor
Flight STM32F103C8T6
controller IC
High-level
R Pl 4
controller aspberry
Tracking Realsense T261
camera
IMU sensor MPU6050
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1 12c v
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Fig.4- 5 Schematic of the drone’s hardware system

Realsense T261 Raspberry PI
|

1\\|||} I.ll

|’|l ‘,(I'I W l| ||F‘!I

Flight
Controller

Fig.4- 6 Implemented drone

The estimation of attitude angle pitch and roll uses a complementary
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filter [63]. The data of the position, velocity, and direction angle obtained
from the high-level controller are transmitted to the flight controller at a
frequency of 10 Hz to perform velocity, position, and yaw control.
Concurrently, the ground station collects flight data at a frequency of 5

Hz.
4.4 Comparative Experiments

Since attitude control is a basic part of the velocity and position controls
for multi-rotor drones, indoor flight experiments were conducted to
compare the proposed control method with the conventional cascade PID.
Furthermore, the performance of the velocity and position controls was
compared for the two attitude control methods, respectively.

4.4.1. Attitude Control Comparative Experiment

In the attitude control comparative experiment, we compared the
performance of the conventional attitude and proposed attitude controls
when responding to the same commands. The flying height was set at 1.5
m. The same PD parameters were used in the conventional cascade PID
and the proposed method of the controller. The attitude command is a
step signal from 0°-5°, and we completed 5 sets of steps comparison.
Fig.4-7 and Fig.4-8 show examples of posture comparison experiments.

Proposed Method

6
5 b
Q 1
L4 i
&o 1
) I
13 I
P i
2 ; Roll

o
< 1 !
i 1 | | | | | et Setpoint
0 _— '
0 0.5 1 15 2 25 3 35 4 45 5 5.5 6 6.5

Time [second]

Fig.4- 7 Example of attitude response when using a cascade LADRC
with reduced order LESO as an attitude controller
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Roll
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Angle [degree]
o - [\v] [ A= w 2]

-0.5 0.5 15 25 35 4.5 55 6.5

Time [second]

Fig.4- 8 Example of attitude response when using a cascade PID as an
attitude controller

These two control methods were evaluated by comparing the IAE
of the 5 experimental sets. The IAE and average error of the 5 sets of

tests are shown in Table 4-8 and Table 4-9.

Table 4- 8 TAE of proposed control method and conventional method

in attitude comparative experiments
IAE
Method
eHo Testl Test2 Test3 Test4 Test5

3.8 296 3.44

Proposed 3.02 3.02

Cascade PID 3.26 4.24 346 4.06 3.68

Table 4- 9 Average IAE of 5 sets of tests

Method Average IAE of each method

Proposed 3.25

Cascade PID 3.74

The results of the attitude control comparison show that compared
with the conventional cascade PID attitude control method, the proposed
method has a smaller cumulative error. Steady-state errors in 2 methods
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can be caused by sensor offsets

4.4.2. Velocity Control Comparative Experiment

In the velocity control comparison experiment, the flying height was
set at 1.5 m. The velocity command is a step signal from 0—-50 cm/s. We
compared the performance of the step response for the conventional and
proposed methods as attitude controllers. The block diagram of the
velocity and attitude controls is shown in Fig.4-1. considering the
velocity control in the left-right direction, we did 5 sets of step response
comparison. Fig.4-9 and Fig.4-10 show examples of velocity
comparison experiments.

Velocity control (using proposed attitude controller)

Velocity [cm/s]

Velocity
=-=====Setpoint

0 5 10 15 20 25
Time [second]

Fig.4- 9 Example of velocity response when using a cascade LADRC
with reduced order LESO as attitude controller

Velocity control (using conventional attitude controller)
70

60
50
40
30
20
10

Velocity [cm/s]

Velocity
------ Setpoint

0 5 10 15 20 25
Time [s]

Fig.4- 10 Example of velocity response when using a cascade PID as
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attitude controller

Next, we evaluate the control effect by comparing the overshoot, peak
time, and IAE of the 5 datasets. The overshoot and average overshoot of
the 5 test sets are shown in Table 4-10 and Table 4-11.

Table 4- 10 Example of velocity response when using a cascade PID
as attitude controller

Overshoot [cm/s]
Test]l Test2 Test3 Testd Tests

Method

Proposed 5 7 11 8 9

Cascade PID 12 7 11 8 13

Table 4- 11 Example of velocity response when using a cascade PID
as attitude controller

Method Average overshoot for each method
Proposed 8.0
Cascade PID 10.2

The peak and average peak times of the five experiments are shown in
Table 4-12 and Table 4-13.

Table 4- 12 Peak time of velocity response when using the proposed
and conventional methods as attitude controller
Peak time [s]
Testl Test2 Test3 Testd Test5

Method

Proposed 6.6 42 66 6.6 6.2

Cascade PID 64 60 74 68 6.2
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Table 4- 13 Average peak time of velocity response when using the
proposed and conventional methods as attitude controller

Method Average peak time of each method
Proposed 6.04
Cascade PID 6.56

The IAE and average IAE of the 5 test sets are shown in Table 4-14 and
Table 4-15.

Table 4- 14 15-43 s velocity IAE for the proposed and conventional
methods as attitude controller

IAE from 9s to 26s
Test]l Test2 Test3 Testd TestS

Method

Proposed  77.6 59.4 70.8 65.6 65.8

Cascade PID 80.6 65.6 804 70.0 53.8

Table 4- 15 Average IAE for the proposed and conventional methods as
attitude controller

Method Average IAE of each method
Proposed 67.84
Cascade PID 70.08

The results from the velocity control comparison show that compared
with using cascade PID as attitude control, the proposed attitude

controller produced velocity responses with lower overshoot, faster
speed, and smaller IAE.
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4.4.3. Position Control Comparison Experiment

For the position control comparison experiment, we compared the
hovering performance for the conventional and proposed methods as
attitude controllers. To test the performance of the controllers in windy
and no-wind environments, a fan was used as a disturbance generator 1
m from the drone. The experimental environment is shown in Fig.4-11.

Considering the position control of the body coordinate in the left and
right directions, the block diagram of the position, velocity control, and
attitude controllers are shown in Fig.4-2. The velocity and attitude
controllers were used in chapter 5.2. The drone flies at a height of 0.5 m.
When the electric fan is off, the hovering data of the drone in 73 s is
shown in Fig.4-12. When the fan is started, the wind speed at 1m from
the drone is about 1.3m/s (measured by an air-speedometer). Fig.4-13
shows the hovering data of the drone in 73 s under wind disturbance.

Fig.4- 11 Indoor experimental environment for position control
experiments
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Fig.4- 12 Hovering performance for the proposed and conventional
methods as attitude controller
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Fig.4- 13 Hovering performance under wind disturbance for the
proposed and conventional methods as attitude controller

The control effect is evaluated by comparing the maximum deviation,
standard deviation, and TAE within 73s. The maximum deviation,

standard deviation, and cumulative error from the experiment are shown
in Table 4-16, Table 4-17, and Table 4-18.
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Table 4- 16 Maximum deviation during the hovering tests

Maximum deviation [cm]

Method
No disturbance Wind
Proposed 4 6
Cascade PID 8 9

Table 4- 17 Maximum deviation during the hovering tests

Standard deviation

Method
No disturbance Wind
Proposed 1.28 2.72
Cascade PID 1.91 4.12

Table 4- 18 TAE of each method during hovering tests

IAE
Method ) )
No disturbance Wind
Proposed 93.0 127.2
Cascade PID 152.4 221.8

Results of the position control comparison show that compared with
using cascade PID as attitude control, using the proposed attitude
controller produces a smaller deviation. Furthermore, under the no-wind
and wind conditions, IAE reduced by 39.0% and 42.7%, respectively.

4.4.4 Conclusion of comparative experiment

To evaluate the cascade LADRC with the reduced order LESO attitude
controller, we applied it to the quadcopter with proposed compact
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structure. A comparative experiment with conventional cascade PID
controller was performed to verify the robustness of the proposed
attitude controller. The proposed controller shows a smaller deviation,
with a smaller IAE than the cascade PID, demonstrates that the proposed
controller can achieve more robust control on the drone with proposed
compact structure. Then, we built a compact quad-rotor drone and
compared the performance when using conventional attitude controller
and proposed controller. Results of the velocity control comparison show
that the velocity responds faster with lower overshoot and smaller IAE
when the proposed attitude controller is used. The experimental results
of position control comparison show that the deviation during hovering
is smaller, and the performance is more stable under the interference of
wind when the proposed attitude controller is used.
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