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Technologies related to urban air mobility (UAM) are being studied worldwide. However, the social acceptance

of UAMs and drones has not been investigated thoroughly. To address this issue, the authors propose a social
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acceptance evaluation method that combines subjective assessments by questionnaires with objective evaluations
using a Kansei Analyzer based on a simple electroencephalograph. The effectiveness of the proposed method
was confirmed. In the benefit-effect assessment conducted in December 2023, scene assumption was proposed
as a means of improving social acceptance. However, the reliability of the obtained data was insufficient, and
there was a possibility of not preparing an appropriate experimental environment or assuming sufficient
scenes. Even if the subject is able to adequately assume the scene, it is difficult to ignore the discrepancy
between the actual UAM and CG. Therefore, it is necessary to reduce the discrepancy between the actual
UAM and CG by improving the experimental environment. As it is difficult to conduct experiments using an
actual UAM, in this study, we used a drone (multicopter) for the investigation. This paper presents the results
from a preliminary experiment conducted with students in our research group, rather than with participants

from the general public.

Keywords: Discrepancy, EEG measurement, Kansei analyzer, Social acceptance, Stress,

Urban air mobility

1. Introduction

Drones are now becoming popular, and industrial drones for logistics and urban air mobility (UAM) for mobile
infrastructure are being commercialized. Although there is ongoing research and development on the safety and
performance of drones, there has been little research on the social acceptance of the aerial industrial revolution [1].
Social acceptance is generally considered in terms of technical, institutional, and market aspects [2]. However, in
this study, it refers to the psychological aspects of the extent of noise and fear accepted by the public. In the past,
when new infrastructure was introduced, such social acceptance was not considered seriously. As a result, public
protests occurred after airports and high-speed railway lines were built. Although it is necessary to reflect on
such experiences, the authors are unaware of any specific evaluation metrics for social acceptance evaluation at
present. Therefore, to enable the smooth market introduction of UAM, it is necessary to establish an objective
evaluation method for social acceptance, set acceptance criteria, and develop UAM based on such criteria. Hara
et al. [3] attempted to objectively evaluate social acceptance by measuring stress levels using an analyzer based
on simple electroencephalography.

In addition, according to a psychosocial survey on noise by Yamanouchi et al. [4], it was hypothesized that
stress tolerance changes with different applications and stakeholders, even for the same mobility. Furthermore,
previous studies reduced the subjective stress measured from drone noise to formulate drone flight operation
conditions [5]. However, uniformly setting the noise level and developing drones accordingly cannot necessarily
improve social acceptance by citizens or users. Therefore, it is necessary to search for an acceptable noise level
for each application and stakeholder. However, such research has not yet been conducted [6]. Takahara et al. [7]
conducted a benefit-effect evaluation experiment to clarify the acceptable noise level for each use through the
scene assumption method. The results of the experiment showed that the acceptable noise level may be higher
when using a UAM with a large social impact compared to daily use vehicles for commuting to work. However,
the reliability of the obtained data was insufficient. Therefore, it is necessary to improve the experimental
environment and investigate the stress factors. Even if the subject is able to adequately envision the scene, the
discrepancy between the real UAM and CG is difficult to ignore. Therefore, it is necessary to reduce the
discrepancy between the real UAM and CG by improving the experimental environment. As it is difficult to

conduct experiments using a real UAM, in this study, we used a drone for the investigation. We used an analyzer
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based on simple electroencephalograph (EEG) measurement to evaluate the discrepancy in the stress levels
between areal drone and CG drone, and discussed the fundamentals of constructing an experimental environment
when using a UAM as a target. In the future, this research aims to contribute to the smooth social implementation
of UAM. A preliminary experiment was conducted not with general participants, but with students in the authors’
research group. In addition, we summarize the results of a simpler analysis of the preliminary experiment without

the weighting described in Section 4-3 in [8].

2. Objective evaluation method using a simple electroencephalograph

Sociopsychological questionnaires are often used to assess emotional changes in social acceptance. However,
as these questionnaires are subjective, they cannot accurately capture real-time emotional changes. For the EEG
measurement in this study, we employed a Kansei Analyzer (Figs.1 and 2) [9] from Dentsu Science Jam Inc.,
which is a simple EEG-measuring device designed for emotion measurement. The Kansei Analyzer is a simple
electroencephalograph designed to measure five emotional states: stress, concentration, preference, calmness,
and interest. Its real-time nature makes it useful for time-series sensitivity assessments. In principle, sensitivity
index values are estimated from EEG in real time by pattern matching with a database accumulated over many
years such that the feature values based on the EEG shapes and sensitivity index values based on biohormone
levels match one-to-one. This is based on the correlation between changes in biohormones related to emotional

responses and EEG feature patterns (i.e., hormone fluctuations affect EEG patterns and vice versa).

~_Electrode

Fig.1 Kansei analyzer. Fig.2 Installation method.

3. Stress factors given by drones

To evaluate the stress-level discrepancy between an actual drone and a CG drone, it is necessary to create a
CG based on the stress factors imparted by drones to people. In this section, we explain the stress factors that
drones cause to people based on related studies. First is the noise, which is considered to be the strongest factor
in the stress caused by drones. Unlike other environmental noises (e.g., traffic and aircraft noise), drones
generate noise that contains many high-frequency components and pure tones [6]. Owing to this characteristic,
drone noise is often perceived as more unpleasant than normal environmental noise. The unpleasantness is
amplified by the rapid modulation of sound particularly due to the rotation of the propeller. The second factor is
the size of the drone. It has been reported that larger drones have a greater visual presence, and seem more
intimidating and dangerous [10]. The third factor is flight altitude. Drones flying at lower altitudes are reported
to cause greater concerns regarding noise, safety, and privacy invasion [10]. Finally, the flight speed of the drone

is also a factor. Sudden changes in direction and flight at high speeds have been reported to cause stress.
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Specifically, at a higher speed, it is more difficult to predict the flight of the drone and there is a greater fear of
collision [6]. Based on the aforementioned stress factors caused by drones, we focused on the drone size, which
are frequently reported stress factors, and evaluated the stress-level discrepancies between actual drones and
CG drones.

4. Experimental method

As apreliminary experiment, we did not involve general participants, but explained the details of the experiment
to students (6 students in their 20 s) in our research group, and they consented to cooperate in the experiment.
4-1 Experiment environment and flight path

The actual and CG drones are shown in Figs.3 and 4, and the experimental environment and drone flight paths
are shown in Figs.5 and 6, respectively. The drone weighed 249 g, measured 298 X 373 X 101 mm, had a
maximum flight time of 30 min, and a noise level of 70 dB at the closest approach (0.8 m from the subject).

Next, the flight path of the drone is described. The drone ascended from a platform 0.4 m above the ground to
a height of 1.2 m over a period of 5 s, approached the subject over a period of 15 s, and stopped 0.8 m in front of
the subject. The subjects’ EEG data for 20 s up to this point were measured using a Kansei analyzer. The CG

drone was created based on the size, noise level, and flight path of the actual drone.

(A) (B)
Fig.3 Actual drone. Fig.4 (A) CG1 drone (Small), (B) CG2 drone (Large).

Screen

Fig.5 Experiment environment.

4-2 Experimental protocol
The experimental flow is shown in Fig.7. The participants were asked to view three types of drones: an actual
drone, a CG1 drone, and a CG2 drone with an interval between them to allow for the questionnaire and rest time.

To account for the effect of order, each subject viewed the three types of drones in different orders.
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Fig.6 Flight path.

Next, we describe the CG drones. CG1 was a CG-drone that was 2/3 the scale of the real drone, and CG2 was
a CG-drone that was 3/2 the scale of the real drone. The CG sounds were recorded from the actual drone flights,
processed, and edited. The noise level was measured according to the characteristics of the human ear
(characteristic A) [11], which states that human senses become duller for lower loudness and frequency of

sound.

/;Actual drone or CG1 or CG2\

1. Explanation of the experiment

2. Kansei analyzer attachment ‘

3. Experiment — Actual drone or CG1 or CG2
4. Kansei analyzer removal .'

5. Debriefing

KActual drone or CG1 or CG-2)

Fig.7 Experimental flow.

4-3 Analysis method

This section describes the analysis method for the stress levels measured using the Kansei analyzer. The
discrepancy between the CG drone and real drone was evaluated when the size and noise level of the CG drone
were changed. The stress level was measured for 20 s before and after the drone started to fly or when the CG
drone started to play its video. The measured data for 20 s before and after the flight were weighted based on the
mean and standard deviation of each data point. The data was weighted because it is easier for the stress level to
change from 50% to 60% compared to the change from 90% to 100%.

Let us assume g, as the stress level at time ¢ [s], u is the mean value, and ¢ is the standard deviation. Then, the

weights w, are determined according to the following rule.

«la; —ul < o,then w, =1
> a;—-a;

-0 < |la; —u| < 20,then w, = 1.5
» a; - 1.5a,;

- 20 < |a; — 1| < 30,then w, =2
> a; - 2a

- 30 < |a; —ul, then w, = 2.5
> a; - 2.5a;



BRIEFHINC X 2 2 P L AT D720 DFEEE CCO RO —2IZBIT L5714 A7 L3y ¥ —&Hii 7

Based on the stress level measured by the Kansei analyzer, the weighted average of the stress level of
participant 7 during the 20 s before and after the start of the flight (or the start of the CG) can be expressed using
Eqgs. (1) and (2), respectively. Let us assume £, [s] as the time at which the drone flight starts (or CG starts).

Aip = —f, (1)
Ylei—20 W
ts420 o
_ t=t t“t
Qip = —ri70 (2)
Zt:ts Wi

Using Egs. (1) and (2), the stress variation for drone type j for the i-th participant is expressed by Eq. (3). Note
that 7 = 0 is the actual drone, s = 1 and j = 2 represent CG1 and CG2, respectively.

x; =08, —a;,;;(G=0,1,2) (3)

Using Eq. (3), the average variation of drone type j for experimental group k is expressed by Eq. (4), where N,

is the number of participants in each experimental group (A or B).

Ni
. 1 )
y,{=N—Zx{ (j=0,1,2,k =4,B) (4)
k5

Using Eq. (4), the discrepancy value between the actual drone and CG drone in experimental group % is

expressed by Eq. (5).
D} =yl -] G=12k=A4B) (5)

In Eq. (5), the drone type with a smaller value is interpreted as having a smaller discrepancy with the real
drone. By improving the CG such that D] approaches zero, we can develop a social acceptance simulator to

evaluate an appropriate level of stress.

5. Experimental results and discussion
5-1 Experimental results

In this experiment, due to the small number of participants and the focus solely on drone size, only experimental
group A is considered. Average stress variation values for all drone types and the distribution of the stress variation
shown in Fig.8 and Fig.9, respectively. The deviation values calculated from Fig.8 are D} = 3.18 and D = 1.04, indicating
that the larger CG drones have smaller deviation values than the smaller CG drones. However, as there is no y; (actual
drone) between y; (CG1) and y: (CG2), it is difficult to set the deviation from the actual drone to zero by changing the
size of the CG drone. In the distribution of the stress variation for CG1 shown in Fig.9, one participant exhibited an
unusually high value (16.7%), which significantly influenced the average stress variation value for CG1. According to
the questionnaire responses, this participant reported having more frequent interactions with drones in daily life
compared to the other participants and indicated feeling no stress toward any of the three drone types viewed during
the experiment. Therefore, it is inferred that when viewing CG1, the participant may have experienced heightened
stress related to factors other than the drone itself, such as the presence of others or tension in the experimental

setting.
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5-2 Discussion

As mentioned in Section 5-1, the participant who exhibited an unusually high stress change value for CG1 likely
experienced significant stress from factors unrelated to the drone itself. Since the primary aim of this experiment
is to evaluate the discrepancy between the actual and CG drones based on stress levels, it cannot be confidently
stated that the data from this participant, with an extremely high stress variation value for CG1, are entirely
reliable. Therefore, Figs.10 and 11 present the average stress variation values and the distribution of stress
variation after excluding the data from this participant. The deviation values calculated from Fig.10 are D, = 0.27
and D? = 0.81, indicating that the smaller CG drones have smaller deviation values than the larger CG drones.
Furthermore, because y; (CG1) and v (CG2) encompass y; (actual drone), it is suggested that adjusting the size
of the CG drones could bring the deviation value closer to zero. However, because there is no guarantee of a
linear relationship between the size of the CG drones and stress levels, the data from Fig.10 only indicates that
the average stress variation value for the actual drone lies between those for CG1 and CG2. Therefore, it is
necessary to explore methods for reducing the deviation value by conducting experiments with an increased
variety of CG drones of different sizes.

In this experiment, the small sample size led to individual participant data significantly influencing the overall
results. As shown by comparing Figs.8 and 10, the differences in sample size caused substantial variations in the
outcomes. Therefore, we believe that increasing the sample size in future experiments will yield more reliable
results, less affected by individual data points. If similar results to those in Fig.10 can be obtained with a larger
sample, it may be possible to adjust the size of the CG drone to reduce the deviation from the actual drone.
Moreover, if the deviation can be minimized to near zero, it will open the possibility of developing a simulator
capable of accurately assessing the stress levels associated with drones.

Contrary to the hypothesis that the average stress variation for an actual drone would be positive, the
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experiment produced negative values. This may be due to the fact that many participants were recruited from
within the laboratory and were already familiar with drones, leading to a reduced sense of stress. Additionally, it

is possible that the stress from the pre-experiment tension exceeded the stress induced by the drone flight.

6. Future prospects

The results of this experiment suggest that it is feasible to design an appropriate experimental environment for
researching the social acceptance of next-generation aerial vehicles. These findings indicate that it may be
possible to develop an experimental setup to investigate the effects of stress, even with drones replacing flying
vehicles. However, the results of this study were significantly influenced by the sample size and the fact that
participants were already familiar with drones in their daily lives, which limits the definitive conclusions that can
be drawn. In future experiments, we plan to increase the sample size and target individuals unaccustomed to
drones in their daily lives. This approach is expected to yield more reliable results than those obtained in this
study. Additionally, while this experiment compared the actual drone with CG1, a small-scale CG drone, and CG2,
alarge-scale CG drone, future studies should include a CG drone of the same size as the actual drone. This would
allow an investigation into whether there is any inherent discrepancy in the stress levels between the actual and
CG drones. By incorporating a same-size CG drone, researchers could assess not only the presence of
discrepancies but also how to adjust the size of CG drones to minimize deviations from the actual drone.
Furthermore, evaluating the discrepancies by varying both the size and noise levels of the CG drones could offer

new insights and deepen our understanding of the factors influencing the social acceptance of UAM.
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Highly Accurate Turn Path Tracking Control
Technology for Fixed-wing UAV Using Radius
Deviation and Nose Heading Angle to Realize

Video Transmission Relay Station

Wataru Miura, Kei Yasukawa, Masazumi Ueba
Graduate School of Muroran Institute of Technology

Unmanned Aerial Vehicles (UAV) have recently been used to provide many kinds of services, among them
fixed-wing UAVs are advantageous for long flights and wide-area observations. In order to realize wireless
relays station by the UAV, the UAV should continue to accurately turn along a predetermined circular path
with its radius specified. To realize the path, we propose a new turn path control system that consists of radius
deviation control and nose heading angle control on the UAV, and describe simulation results by which it is
confirmed that the proposed control system worked well. And finally, we describe results of the flight verification

experiment.

Keywords: Fixed-wing UAV, turning, roll angle, yaw, Flight verification

1. Introduction
Inrecentyears, the use of unmanned aerial vehicles has advanced, and research and development are underway

to provide future services in the fields of agriculture and forestry, such as crop pest control, farmland monitoring,

surveying disaster areas, terrain measurement, transporting supplies, and radio relay for securing communication
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links [1]. In this situation, we have proposed a video transmission relay system using a fixed-wing UAV as a relay
station, as shown in Fig.1. Currently, multi-copters, which are rotary-wing UAVs, are often used for observation.
On the other hand, fixed-wing UAVs are more advantageous when observing large areas over long distances in
a short period because they have a long endurance. Focusing on its long endurance, fixed-wing UAVs can be
used as a wireless relay station for the video transmission relay system by making it turn along a predetermined
circle path accurately and continuously. There are many papers on turning techniques. For example, in paper [2],
flexible path following is essential when fixed-wing UAVs are used for various missions such as surveillance and
disaster applications, so they aimed to follow complex paths, including curves, and confirmed their performance
through both simulations and flight experiments. Also, in paper [3], a method is proposed to generate a turning
path for a fixed-wing UAV without sacrificing maneuverability and safety, with the goal of enabling the fixed-wing
UAV to safely perform its mission in a confined space. Also, in paper [4], a control method for rapid direction
change is proposed for the purpose of carrying out missions such as surveillance and search and rescue without
compromising the advantages of fixed-wing UAVs, such as high speed. However, none of them describe how to
make the UAV turn along the predetermined circular path accurately and continuously.

Therefore, we propose a new turn path tracking control system that makes use of the target nose heading
angle and turning radius. By using the control system, at first, computer simulations were carried out for small

fixed-wing UAV so as to confirm its validity. Then, flight experiment was conducted to verify the control system.

Fixed-wing UAV
& =¢_for relay station

Video transmission link
used 5.7GHz band
(Same channel or Adjacent channe})/ Fixed-wing UAV

for tograph
Telemetry, tracking and command link - p}g graphy
used 169MHz band

('Same channel or Adjacent channel )

L5

Telemetry link
Command link

Non
directional R

Fig.1 Image of video transmission relay system using fixed-wing UAVs.

Tracking antenna
Ground station

Directivity antenna —_

2-axis head

2. Conventional turn path control and problems

The authors aimed at achieving highly accurate turn path tracking by using two control systems. One is a roll
angle control system focusing on lateral force balancing by aileron operation. The other is a turn radius control
system of which rudder command is given by the difference between the target turn path radius and the actual
turn radius [6]. After confirming the validity of the method by computer simulation, the flight experiment was
carried out as shown in Fig.2. The red line shows the turning trajectory, which deviates significantly from the
target path shown in black. The reason is that as the roll angle control system and the turning radius control
system were designed independently, when the vehicle deviates significantly from the target turn path, the force
generated by the roll angle control system offset the force generated by the turn radius control. That is to say,
when the UAV is located inside the target turn path, the force by the roll angle of which radius path is cancelled

out by the force of the rudder angle, resulting in the turn radius which is larger than that of the target turn path.
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In the same way, when the UAV is located outside the target turn path, the force generated by the rudder is added
to the force generated by the roll angle, therefore, that results in a small turn path.

In addition, even though the simulation was successful in turning in the method we proposed [6], the successful
accurate turning could not be reproduced in the flight verification experiment. We confirmed that this is due to
the expansion of the initial deviation caused by the delay in the control system that occurs immediately after the
start of the turn. In fact, simulations performed with our methods, do not take initial deviations into account.
Therefore, this time, the proposed methods simulations including initial deviations we carried out to confirm
convergence.

From above results, it is clarified that it was necessary to consider the balance adjustment between the roll
angle control system and the turning radius control system which uses the rudder. Before investigating the
method to design the balance adjustment, we explored to realize a highly accurate turn path tracking system by

only roll angle control system based using deviation of both turn radius and heading angle.

When located inside the target turn path

Flight Roll :Forces to inward
N Direction Rudder : Forces to Outward

— Cancelled out and straight to the outside

Roll :Forces to inward
Rudder : Forces to inward
— Small turn with both forces

Fig.2 Flight experiment at shiraoi gliding port by conventional turn path control [6] technology.

3. Proposal of highly accurate turn path tracking control method
3-1 Control system policy and configuration

We propose a new control system to track the turning path accurately, which consists of a turn radius control
system and a nose heading angle control system. Both control systems use the roll angle control system. The
commands to the nose heading angle control system are a sum of two kinds of nose heading angle. One is the ideal
nose heading angle v,,,, which is measured from true north to which the airplane should be directed corresponding
to position of the airplane. The other is the nose heading angle y,,,; which is calculated by the deviation from the
target radius R,,,, and the actual radius R. The sum of these nose heading angles is converted to roll angle command
@.a through PID parameter. Therefore, the turn radius control system is incorporated as an outer loop of the nose
heading angle control system to reduce the turn radius deviation to zero and the roll angle control system is

incorporated into the inner loop of the nose heading angle control system as shown in Fig.3.
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Fig.3 Block diagram of turn path tracking control system.

3-2 Relationship between turning radius deviation and nose heading angle
From Fig.4, after a radius deviation AR is defined as a difference between the target turn radius and the actual
turn radius, from Fig.4 the relationship between the radius deviation AR and the nose heading deviation Ay

measured from the line parallel to the tangent line of the turn circle can be expressed as shown in Eq. (1)

AR = V;, sin Ay 1)

Fig.4 Relationship between turning radius and nose heading angle.

3-3 Derivation of ideal nose heading angle ¢ ,,,

Next, the ideal nose heading angle y,,, at the current position of the airplane is derived. First, in Fig.5, [; is the
line connecting the turning center and the current position of the airplane, /, is the tangent line at the intersection
of [, with the target turning path, and /, is the line extending to the true north direction from the turning center.
The angle between the x-axis and the true north is .

The ideal nose heading angle v,,, is the angle between [, and /. To obtain the ideal nose heading angle v,,,,, first
itis necessary to determine the inclination 6 of /;. The angle 6 can be derived from the current position (x,, ¥,) and
x coordinates axis with the center of circle as its origin as shown in Eq. (2). Next, the angle 1 between the tangent

I, and the x coordinate axis can be derived as shown in Eq. (3) using the angle 0.

Xg — X
p =t (B2 2
Ve — Yo @
T
l—@-l—i 3)

From the above, the ideal nose heading angle y,,, can be derived as shown in Eq. (4) using the angle ¢ between

the x coordinate axis and the true north, and the angle 1 in Eq. (3).

Yean = —(A+¢)

=—(0 +%+E) @



16 =i M L E O BTDOER

ll ¢/’
o] N6 5
R = Yan

l_; true north

Fig.5 Tangent angle on the target path obtained from the flight position.

4. Simulation

The validity of the proposed turn path tracking control system is evaluated by computer simulations. In
simulations, all actual control systems such as velocity control system, altitude control system and the turn path
tracking control system are incorporated. All controller in those control systems use PID elements. Also, the
feedback rate for simulation is 25 [Hz].
4-1 Controlled airplane

Assuming the flight experiment, data of an actual model airplane are used. The airplane is a low-wing type one
and driven by fuel engine and has a mass of about 5.5 kg, a total length of 1.7 m, and a wingspan of about 2 m. The

picture of the model airplane is shown in Fig.6.

Fig.6 Model airplane.

4-2 Simulation conditions

At first, the aircraft will fly in a straight line for 50 seconds to keep the airplane stable before entering into a
circling flight. In the simulation, the turn radius, the altitude and the air velocity are targeted to be those as shown
in Table 1. Besides, the criteria to judge whether the proposed control system works well is set in advance. For
the first circle, the deviation of the turn radius is set to within * 14 m, which is 20% of the target radius, by taking
into account for the transition such as rise-up and overshoot in control systems. For the final circle, the deviation
is set to be +6 m, taking into account the sensor errors used onboard systems of the actual model airplane.
Those errors are specified as standard deviations shown in Table 2.

Simulations were carried out for following three conditions to confirm the convergence of the control system.
The first is a no-wind condition. This was conducted to verify the stability of the control system. The second is a
steady wind (3 m/s) condition parallel to the x coordinate axis. This was conducted to verify the performance in
a disturbing wind environment. The third is the condition that has an initial deviation of 10 meters to confirm the

performance of the convergence.
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Table 1 Simulation conditions. Table 2 Sensor error.
Target turning radius 70 m Attitude angle 0.5 deg.
Target altitude 100 m X, Y direction 3m
Target air velocity 25m/s Altitude 0.2m
Velocity 0.17m/s

4-3 Simulation results

The flight trajectory obtained from the simulation and the time histories of the turning radius are shown below.
Also, while the flight trajectory is expressed in three dimensions in Reference 6, it is expressed in two dimensions
in this paper to make the trajectory at the time of turning easier to understand.

At first, simulations were carried out under no wind conditions shown in Fig.7. From Fig.7, the maximum turn
radius deviation for the first circle was 13.7 m and the radius converged to * 0.6 m in about 24 s from the start of

the turn, which was within the target value.

180 1
N\
120 7 & T 90 [ 11 P
—_ # Target path = | b
E 77777 e (red line) /I % 80 [ 13.7m COIBmand
60 [ y = [N TE L .
Start / S 70 Sl
i & s 24s later
| 3 60
0 50 75 100 125 150 175
1150 1200 1250 1300 1350 Time]s]
X[m]
(a) Flight path (b) Time histories of the turning radius

Fig.7 Simulation results (no wind).

Then simulations were carried out for a steady wind of 3 m/s as shown in Fig.8. From Fig.8 the maximum turn
radius deviation for the first circle was 12.8 m, and the final deviation was 3.6 m, which was within the target

range. It was also confirmed that the radius converged within = 6 m of the target radius in 25 s from the start of

the turn.
180 :
255 later- «\1' v
N
120 1 Target Path \\ 90 T
(red line)
e | reame = ~ command
>£_ Wind 3m/s I % 80 1N T i28m /
60 | = 7 \ / \__|/ /N
Start é \ ' “/2 N 74 \ w4 AN N/ A Y
60 / : s later 3.63m
0 . . 50 75 100 125 150 175
1000 1050 1100 1150 1200 Time]s]
X[m]
(@) Flight path (b) Time histories of the turning radius

Fig.8 Simulation results (steady wind of 3 m/s).

Finally, the simulation was performed with an initial deviation of 10 m as shown in Fig.9. From Fig.9, it was

confirmed that the radius converged within *6 m of the target radius in 25 s from the start of the turn.
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Fig.9 Simulation results (initial deviation of 10 m with no wind).

5. Flight verification experiment

A flight verification experiment was conducted using the proposed control system. The target airplane (Fig.6),
same as simulation, was mounted with a microcontroller board and an autonomous control program written in C
language was executed. Also, the feedback rate is 25 [Hz], the same as simulation. The airplane first follows a
straight path and after passing a given point switches to a turning flight to follow a circular path with a radius of
70 m. The airplane then flew to follow a straight path in the opposite direction after completing 5.5 laps of turning
flight. The actual flight path results are shown in Fig.10 and the time history of the turning radius is shown in
Fig.11. From Fig.10, it can be found that all flight phases follow the target turn path. Fig.11 shows that the
turning radius generally follows the command, although there is some vibration around target of 70 m. Also, the
average deviation of the radius was 7 m throughout the turn flight. This result was satisfactory considering the

sensor error used, control error.

Flight Direction
Target path /&S

O o, 1110, AU e

e

Fig.10 Flight experiment.
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Fig.11 Time history of turning radius.

6. Conclusions
To realize highly accurate turn path tracking, we proposed a new control system to use radius deviation and
nose heading angle. The feature of the proposed control system uses two nose heading angles derived from the
current position of the airplane and the radius deviation. After simulations, it was confirmed that the airplane
could turn within the target deviation against the target turn radius under no wind and a steady wind of 3 m/s.
Finally, flight verification experiment was conducted using the proposed control system, and a stable turn of

5.5 laps was achieved.
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