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Safety Management Skills and

Human Resource Development for Utilizing UAS
—In the View of Crew Resource Management (CRM) —

Dai Ohhara™" **
EVA Airways (B777 Fleet, Flight Management Department, Flight Operations Division) *!

Five Star Group Inc.*?

In 2022, UAS in Japan will enter the new era, which includes out-of-sight flight (Beyond Visual Line of Sight,
BVLOS) in populated areas. As represented by freight transportation by drone, there will be more situations
that require safe operations by multiple people. In the case of manned aircraft, there is a skill called CRM
(Crew Resource Management) as a method for preventing human error and performing safe operation in a
team of multiple people. Those involved in the flight are required to maintain their skills through regular
training. Since it has been pointed out that about 60-80% of aircraft accidents are caused by human factors,
thus, it is expected that effective application of CRM in the development of UAS-related human resources

will contribute to accident prevention.

Keywords: Crew Resource Management (CRM), human error, safety, human resource development,
ICAO, Unmanned Aircraft Systems (UAS)
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Flying Robot Education for Comprehensive
Understanding of Mechanical and Aerospace
Engineering
— Coordinated Action of Nagoya and Gifu National Universities—
Tsubasa Toguchi*!, Susumu Hara*?, Hiromitsu Kawazoe™",
Kazuaki Ito™*, Satoshi Kikuchi*®, Satoshi Ito™*

Intelligent Production Technology Research and Development Center for Aerospace,
Tokai National Higher Education and Research System (THERS) *'

Department of Aerospace Engineering, Graduate School of Engineering, Nagoya University, THERS*?
Department of Mechanical Engineering, Faculty of Engineering, Gifu University, THERS**

The experience-based education programs in the mechanical and aerospace engineering departments are
regarded as beneficial methods to understand the relationship between the traditional theories and real
phenomena. The real phenomena are the results obtained not only by single theory but also by the integration
of multiple theories. Meanwhile, recent digital manufacturing technologies, such as 3D printers and CAD/
CAM, should be introduced to recent educational contents and methods that align with the modern industrial
practice. Taking such a background into account, Nagoya and Gifu National Universities launched similar
flying robot production programs, aimed at promoting a practical and comprehensive understanding of
mechanical and aerospace engineering. This paper introduces the current coordinated action of two national

universities’ programs. Especially, we discuss the educational effectiveness of the first joint competition held
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Infrastructure Development of Drone in the Architectural
Field and Utilization of Drone for Building Inspection

Hiroyuki Miyauchi*'

Department of Building Materials and Components, Building Research Institute**

For social implementation of drone, it is important to discuss technical information that comprehensively
summarizes the current state of drone in the architectural field. In this paper, the transition of infrastructure
development for drone in government-academia-industry and the utilization situation of drone in the
architectural field are summarized. In addition, safety, inspection accuracy, workability and economic
efficiency for a building inspection were evaluated by developing technology and their tests. Finally, in order
to operate the guideline related to the regular reporting system for external wall inspection of building, it is
necessary to develop the implementing equipment related to drone and to teach a technician who can

conduct infrared inspection by drone.
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The expansion of the use of unmanned aircraft is expected to lead to an increase in the number of various
new entrants, including those from outside the aviation industry. However, the technical barriers to
performance estimation for unmanned aircraft are high due to the high degree of freedom in unmanned
aircraft design. Since accelerating easy estimation of aircraft performance is important to encourage new
entrants, the authors envision the construction of a framework that combines standard processes and tools
to mitigate technical barriers. However, because this is a new market that differs from the traditional aviation
industry, it is necessary to clarify the new user image prior to the construction and implementation of the
framework. In this study, the authors used the design thinking approach to clarify the users and requirements
of the framework for the conceptualization of the airframe. We were able to extract an overview of the
systems that comprise the unmanned aircraft business in relation to the airframe design, and the two tasks
required on the premise of these systems, airframe performance evaluation (Task A) and operation

probability evaluation (Task B), as well as the interface with the assumed stakeholders.
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Table 2 Specifications for various maximum take-off weight

R OBIIc K A &2 LRI NG, HIB/NEIF -2 MTOW [kg| 1.5 15 150 1500
KIUAM % °ffi 4 @1‘%&%’9‘4 Rl oG T 7o —F 237 X stall speed, Vg [km/h] 68 77 86 94
A
%2;5%?%&}2?_ CRERELTRER=T ') T4 R0 %E cruise speed, V. [km/h] 75 110 160 210
Z CCARIE T, BRI U 72 4 kY 4 X & —TTmic wing area, Sy, [m?]|  0.053 0.42 34 28
WA GG T — % 7 7 F ¥ O E S, WikSitoxr—7 ¢ wingspan, b [m]|  0.726 2.04 5.79 16.6
V74 cEHL, BSERERGY — 2R L'CH%TE@*]?/J' E’]*ﬁ“ff&ﬁ‘o propeller diameter, d;, [m] 0.12 0.33 0.96 2.77
Too X HICHRETR B2 LI . B R 2 B % BREE S 2 ber of I 4 4 4 6
<‘_’_ t 4_)k 1&@,;%%@6\.0%’(%‘%31,?:0 numoer ol propellers, np
. disc load, P, [kg/m?] 332 43.8 51.8 41.5
2.5k battery weight, W, [kg]|  0.75 75 75 750
FEICOMGENC BV TE. Al % I KEEREE R MTOW) & L, Ny 7 range, R [km] 19 28 40 52
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Noise-Induced Stress Assessment
—On the Difference between Questionnaire-Based and

EEG Measurement-Based Evaluations—
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Department of Aerospace Engineering, Graduate School of Engineering, Nagoya University *'
Department of System Design Engineering, Faculty of Science and Technology, Keio University **

Institute of Innovation for Future Society, Nagoya University **

In recent years, flying car (urban air mobility, UAM) technologies have been actively studied in Japan and
other countries. However, the social acceptability of flying vehicles such as UAM and drones (unmanned
aircraft systems, UAS) has not been extensively investigated. Social issues often arise when social acceptance
is neglected. Thus, novel issues are expected to arise on the advent of the so-called Aerial Industrial
Revolution because of the industrial use of drones and commercialization of flying cars. To overcome these
issues, herein, the social acceptability of this revolution was evaluated by two different approaches: socio-
psychological evaluation using a questionnaire and real-time evaluation by electroencephalograph (EEG)
measurement using a Kansei analyzer. The authors experimentally evaluated the applicability of the Kansei
analyzer for various sounds including stationary rotor sound and nonstationary metallic sound in the

previous study. Different from such an experiment, this study conducted experiments based on the industrial
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drone sound with four levels of volume. Subsequently, the difference between the stress levels was
investigated using the questionnaire and the Kansei analyzer. The result may impact the formulation of the

social acceptability survey methods in future.

Keywords: Aerial industrial revolution, EEG measurement, Flying car, Kansei analyzer, Noise,

Questionnaire, Social acceptability, Stress

1. Introduction

Currently, drones (unmanned aircraft systems, UAS) have been adopted for several purposes, from
observation, inspection, and logistics to leisure applications. Moreover, the broad-scale application scope of
systems other than drones has been investigated; various companies, including aircraft and car manufacturing
companies, have been conducting extensive research on the flying capability and safety of cars as new mobile
infrastructures (urban air mobility, UAM, for example, SkyDrive and CityAirbus) [1, 2]. Based on these
advances, a phenomenon called the Aerial Industrial Revolution is expected to occur in the near future, with
industrial drones and flying cars being implemented and used in the society. However, although many studies
exist on the implementation of this revolution, its social acceptability has not been widely studied. Social
acceptability, in this context, can be evaluated by determining how the emerging infrastructure (for example,
sound, wind, landscape changes, and psychological effect of having a heavy object flying above the head) is
accepted by the society in general, even if the performance and safety of flying cars are guaranteed. Therefore,
the merits and demerits of the Aerial Industrial Revolution and its social acceptability should be addressed to
develop standards and legal systems concerning the technical development and introduction of new
infrastructures.

The authors have already released the paper on a candidate method for social acceptability evaluation that
involves the use of a Kansei analyzer for various sounds including stationary rotor sound and nonstationary
metallic sound[3]. It is developed by Dentsu ScienceJam Inc. and uses brain waves to evaluate Kansei in real
time. In the previous study[3], the Kansei analyzer-based method was combined with socio-psychological
evaluations designed to acquire knowledge on habituation and convenience through questionnaires, and its
performance was evaluated. However, at that point, the difference between the stress level using the
questionnaire and that using the Kansei analyzer was unclear. Therefore, this study experimentally focused on
that difference based on the industrial drone sound with four levels of volume. The result may impact the
formulation of the social acceptability survey methods in future.

A part of the contents in this paper has already been reported in the authors’ conference paper[4]. This

paper presents the comprehensive consideration including other results, for example, the questionnaire survey.

2. Stress assessment using the Kansei analyzer

This section summarizes the Kansei analyzer (Fig.1) used in the authors previous study[3]. It is a simple
brain wave meter that detects the level of five types of emotions: stress, concentration, preference, calmness,
and interest, and it follows a common standard derivation method[5]. Conventional brain wave meters are not
very easy to use because of various issues: they are typically expensive, large, cannot be used outdoors, require
a considerable time to attach multiple electrodes, require the application of an electrolyte gel, and their

application stresses the subject. However, the Kansei analyzer, which is a simple brain wave meter, has



B2 S s A b L A0 83

D

Fig.1 Kansei analyzer (left: components; right: application on a subject).

overcome many of these issues and has the following advantages:
- It is compact;
- It only requires one electrode to be attached to Fp1 of the international 10-20 system[5] ; this takes only
approximately 30 s (the conventional type takes 30 to 45 min) ;
- It can be used by a single person anytime and anywhere;
- It does not require gel application;
- It can minimize the level of unnecessary stress on the subject when measuring brain waves.
Because of these advantages, Kansei analyzers have been used to evaluate various types of Kansei, such as
the interior decoration of restaurants, choices on food menus, and level of comfort in cars[6, 7].
The Kansei analyzer analyzes brain waves following three basic steps, as shown in Fig.2 [8].
(1) Filtering
A Kalman filter estimates and removes the noise. In addition, before the measurement starts, a calibration
time of approximately 15 s exists, during which the data that exceed three times the standard deviation of the
data are removed without being measured.
(2) Feature amount extraction

The obtained brain wave data are subjected to signal processing techniques such as fast Fourier transform,

EEG data

— EEG database

Algorithm
EEG data Kansei index value

Filtering V\NJ\’W\\M\"’V\N‘J Like : 10
| I\WWW’\/\A Stress : 80

Feature extraction

Select methods
and parameter:

Pattern recognition MMWV"WW Interest : S0

Kansei index value

Fig.2 Internal systems of the Kansei analyzer[8].
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and features such as the power spectrum are extracted.
(3) Pattern recognition

The extracted features are applied to internal data to calculate the Kansei index value. Here, “internal data”
refers to data linking the volume of hormones caused by emotions and brain wave feature patterns, evidenced
by both “Hormone amount — Brain wave pattern” and “Brain wave pattern — Hormone amount.”

For details regarding the Kansei analyzer, the readers may refer[3], [6], and[7].

3. Stress assessment experiments
3-1 Stress assessment environment and procedure

The experiment was conducted using a large screen and projector in the Flight Performance Evaluation
Wind Tunnel located in the Aeronautics and Machinery Experimental Building at Nagoya University (Fig.3).
The CG animation projected here was created assuming that the viewer would be standing in an upright

position at 1.8 m in front of the screen. An example of the CG animation is shown in Fig.4. However, the Kansei

Fig.4 Sample of CG animation.
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(sensitivity) analyzer can readily detect noises originating from the body when the wearer is in an upright
position. As such, we used a stage that adjusts the height of the analyzer to enable the wearer to maintain the
same height even when sitting and conducted stress evaluation experiments when the wearer sat on a chair on
the stage.

The CG animation shown to the participants in this experiment was 18 s long and appeared to show a car
flying over the viewer at an altitude of 15 m at 25 km/h during the day in an urban area. The sounds that were
coordinated with the CG animation were recorded and arranged from the sounds emitted by an industrial
drone (a multicopter, Fig.5) during flight. To coordinate with the speed and height of the aircraft in the CG
animation, the aircraft passed 15 m above the tripod-mounted sound level meter at 7 m/s (approximately 25
km/h) , maintaining height and speed, and was recorded by the sound level meter for approximately 20 s. The
recording started at 100 m in front of the sound level meter and ended at 40 m behind it. The flight speed of 25
km/h was chosen for the CG animation because the speed limit was 10 m/s based on the performance of the
aircraft. To avoid using peculiar recording results in the experiment, recordings were made twice under the
aforementioned conditions at different dates and locations. After the recordings were made, noise of wind and
birdsong sounds was reduced using the Adobe Audition sound editing software. To match two different sound
sources to one CG animation, two types of CG animations with sound were prepared for later experiments.

Sixteen Nagoya University undergraduate and graduate students (male and female; all participants were in
their 20s) participated in the experiment. The experiment was approved by the Ethics Division of the Safety
and Welfare Committee of the School and Graduate School of Engineering, Nagoya University. The participants
were provided with a prescribed explanation prior to the experiment, and consent was obtained prior to
conducting the experiment.

The specific procedures of the experiment are as follows:

Fig.5 Industrial multicopter.

(i) The participant is seated on a chair on the stage in front of the screen shown in Fig.3, and the Kansei
analyzer is attached. Allow time for Kansei Analyzer calibration (2-5 min) and have the participant rest
without clearing the mind.

(i) After the calibration is completed and the EEG can be measured, the participant waits until the stress
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level reduces and the participant stays calm.

(i) When the participant reaches a calm state, one of two types of CG animation is played on the screen for

the participant to watch.

(ivy After approximately 2 s have elapsed since the CG animation ended, the participant is signaled to answer

and fill in the questionnaire.

(v)  Once the form is filled, the participant is asked to wait until their stress level eases.

(vi When the participant’s stress level is determined to have sufficiently settled, turn the volume one level

up and play the CG animation again.

tvi) Steps (iv) - (vi) are repeated with four different volume settings.

§ii) Once the participant has filled the form, play the other prepared CG animation and repeat steps (iv) - (vi)

four times.

Participants were asked to view the CG animation eight times; two types of sound sources were used. The
CG animation for each sound source was designated as A and B. The participants were randomly divided into
two groups: Group 1 and Group 2. The experimental conditions were set as follows:

Participants in Group 1: These participants watched CG animation A during the first half (four views) and
CG animation B during the second half (four views).

Participants in Group 2: These participants watched CG animation B during the first half (four views) and
CG animation A during the second half (four views).

The stress levels of the participants were assessed by changing the sound volume in large steps. Four sound
level phases were considered: low, medium, loud, and loudest. The volume levels are presented in Table 1.
They were adjusted by a sound level meter in advance of the single event sound exposure level used as basic
data for aircraft noise. As specified in Step (vi) of the aforementioned experimental procedure, the sound levels
were changed to higher levels twice in the order of the four levels from the lowest to the highest,
corresponding to the two types of CG animations. (Of the eight presentations, the volume was increased in
steps from the first to the fourth presentation, and again, starting from the smallest level, the volume was

increased in steps from the fifth to the eighth presentation.)

Table 1 Noise settings and their single event A-weighted sound exposure level Ly,

Levels Low Medium Loud Loudest
Ly [dB] 72-73 78-79 86-87 91-92

The single event sound exposure level includes a range because of some error in setting the noise level by
turning the knob for the speaker each time. However, this is not a problem, particularly for single event sound
exposure level, because a person can barely distinguish a difference of 1 dB or 2 dB.

3-2 Stress assessment by questionnaire

The questionnaire included the following nine questions:

1. Were you surprised when the image started?

2. Did you feel restless while the video was playing?

3. Did you feel stressed while the video was playing?

4. Did you feel visually (image-based) stressed?

5. Did you feel audibly (sound-based) stressed?
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6. Did you feel stressed by factors other than the images?

7. What were the factors other than the images? (Those who answered 4 or 5 to question 6)

8. How often can you tolerate the frequency of the visuals (assuming 9:00-21:00) ?

9. Impressions and questions

The respondents were asked to answer the aforementioned questions 1 to 6 on a five-point scale (not
applicable at all, not very applicable, neither applicable nor not applicable, somewhat applicable, and very
applicable) . Question 8 was answered using an eight-item multiple-choice format: 30 s or less, every minute,
every 5 min, every 15 min, every 30 min, every 1 h, every 3 h, and unbearable even once; questions 7 and 9
were free responses. The average point score for the three responses corresponding to the simplest stress
survey, which is the most important in this experiment, are shown in Fig.6. The error bars in each count
indicate the standard deviation of the response points.

According to the results in Fig.6, the average points of the responses to simple stress corresponded to the
volume level described in the previous section of the experimental procedure, and the stress was felt gradually
from the first to the fourth presentation out of the eight presentations. The fifth presentation was less stressful,
and the eighth presentation was more stressful. Stated differently, the level of stress in the evaluation by the

questionnaire corresponded almost exactly to the level of the sound volume at that time.

Do you feel stressed while the video is playing?

5 T T T T T
= Y 1
5]
5 3L _
2
=
o
o 2} 5:yes i
& 4: slight yes
g 3: neither
< 1t 2: slight no 1
1:no
1st 2nd 3rd 4th 5th 6th 7th 8th

Session

Fig.6 Questionnaire result.

3-3 Stress assessment using the Kansei analyzer

In the evaluation using the Kansei analyzer, although the experiment was conducted on the same 16
participants as in the case of the questionnaire, three participants’ data were affected long period by the noise,
and the data for the other two participants were excluded from the evaluation because of the long time affected
by noise and the inability to sufficiently calm the participants in the 20 s before the measurement. (The
threshold for exclusion of the latter was defined as the number of trials in which the difference between the
maximum and minimum stress levels in the 20 s before the start of measurement was 51 or more in four or
more of the eight trials.)

The following method was used to evaluate the stress level. Its conceptual diagram is shown in Fig.7. The
horizontal axis indicates the number of times the CG animation was viewed, and the vertical axis indicates the
change in the stress level before and after the start of measurement (that is, start of CG animation playback).

The change in the stress level refers to the difference between the average stress level during the 20 s before
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the start of measurement and that during the 20 s after the start of measurement. Although the CG animation
was 18 s long, 20 s was used for the observation because the stress level remained high for several seconds in
some cases owing to the reverberations after the viewing. Figure 8 shows the results of the overall average of
the change in the stress level.

As shown in Fig. 8, with the stress evaluation using the Kansei analyzer, the stress levels of the participants
did not decrease after the fifth session of listening to a high volume, even if the volume was set back to the low
setting; this is in contrast to that shown in Fig.6. However, we performed a test as the standard deviations
indicated by the error bars in Fig.8 were relatively large for each session. Specifically, the stress level changes
between the first and the fifth sessions and between the second and the sixth sessions at the same volume
setting were larger in the fifth and the sixth sessions, respectively, in terms of the mean value. However, the
standard deviations were considerably large for each frequency, and accordingly, we conducted a #test to

determine any significant difference between the first and the second halves at the same volume level. The
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a1 az
20 1 1 1 1 1 1 1 1

Time [5 s/div]

Fig.7 Schematic of stress assessment using the Kansei analyzer.

The change of stress level [%]

-10

1st 2nd 3rd 4th 5th 6th 7th 8th
Session

Fig.8 Stress assessment result (averaging value) using the Kansei analyzer.
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results are presented in Tables 2 and 3. p, and p, in Tables 2 and 3, respectively, indicate that p, > 0.05 and
b, < 0.05 at a significance level of 5%. The null hypothesis that the stress level was equal between the second
and the sixth sessions was rejected, indicating that there was at least a significant difference in the stress level
between the second and the sixth sessions. This indicated that the stress level tended to increase during the
second half of viewings even with the same volume setting. This result was only observed in the real-time

stress evaluation using the Kansei analyzer; this should be treated with caution.

Table 2 ttest of the first and the fifth trials. Table 3 ttest of the second and the sixth trials.
1st session 5th session 2nd session 6th session
Average 1.757 5.998 Average 0.8409 6.640
Variance 41.55 70.32 Variance 28.38 43.47
Number of observations 11 11 Number of observations 11 11
Difference from hypothetical average 0 Difference from hypothetical average 0
Degree of freedom 10 Degree of freedom 10
t-value -1.221 t-value —2.531
p, (one side) 0.1249 p. (one side) 0.01489

4. Conclusion

This paper addressed a method that combined two approaches to evaluate social acceptance of new flying
mobility applications such as flying cars and drones. One was a socio-psychological evaluation using
questionnaires. The other was a real-time evaluation using EEG measurement with a Kansei analyzer. In a
previous study, the authors experimentally clarified the applicability of a Kansei analyzer to determine the
presence of stress owing to noise. In this study, the authors employed the flight noise of an industrial drone,
passing overhead, as a sound source. They clarified the difference between the questionnaire evaluation and
the stress evaluation by EEG measurement by repeatedly listening to the sound while changing its volume in a
stepwise manner. Specifically, while the questionnaire evaluation showed that the stage of loudness and that of
stress were almost identical, the evaluation using a Kansei analyzer showed that, after listening to loud noise
once, the stress did not decrease easily even if the volume was lowered. This difference is believed to provide

important information for the formulation of future social acceptability survey methods.

Acknowledgments

The experimental protocol in this research was reviewed by the Ethics Division of the Safety and Welfare
Committee of the School and Graduate School of Engineering, Nagoya University. The authors would like to
thank Mr. Mikihiro Kinoshita from Nagoya University for the research activities of this project and Mr. Yuta
Hamachiyo and Mr. Teruhiro Ishida from Sanshin Construction Materials Co., Ltd. for assisting in sound
source preparation for experiments. This study is supported in part by the Foundation for the Fusion of Science
and Technology (FOST).

Received: July 15, 2022
Accepted: August 9, 2022



90 A - A

References

[1] https://skydrive2020.com/

[2] https://www.airbus.com/innovation/zero-emission/urban-air-mobility/ cityairbus.html

[3] HaraS., Hayashi Y., Mitsukura Y. and Kamide H. : “Applicability of Kansei analyzer for noise-induced stress assessment—
toward social acceptability survey of flying cars—", Technical Journal of Advanced Mobility, Vol. 2, No. 3, pp. 31-41, 2021.

[4] HaraS., Takahara K. and Mitsukura Y. : “Stress evaluation using EEG for novel air mobilities”, to appear in Proceedings of the
2022 IEEE 11th Global Conference on Consumer Electronics, 2022.

[5] Hitomi T and Ikeda A. : “Basic knowledge of EEG”, Japanese Journal of Clinical Neurophysiology, Vol. 42, No. 6, pp. 365-370,
2014.

[6] Mitsukura Y., Sumali B., Asano T., Watanabe H., Tazawa Y., Kishimoto T, Fukunaga K. and Mimura M. : “Simple stress
quantitative evaluation for healthcare using daily KANSEI detection with EEG device—Relation between stress and
healthcare”, Modern Environmental Science and Engineering, Vol. 5, No. 5, pp. 345-350, 2019.

[7] Mitsukura Y. : “KANSEI detection and its application using the EEG— Widespread of KANSEI research in society”, The

IEICE Engineering Sciences Society Fundamentals Review, Vol. 13, No. 3, pp. 180-186, 2020.

[8] http://sensait.jp/12675/

I piid

1996 4F 9 H BEE SR R F e LT
WFFERI BRI T S B i s L AR T
it (L) HARFMRIRELS R FITE
B, B 7+ V2T RFEN—7 L —RKE
MIWrgEE, SHEITSERFTETTF - B
B fE T 2008 4F 2 b A BRF R BE LA Fe Rt BER
22 LB,

E-mail :haras@nuae.nagoya-u.ac.jp

Susumu HARA

SUSUMU HARA received the B.S., M.S., and Ph.D. degrees
from Keio University, Japan, in 1992, 1994, and 1996,
respectively. In 2000, he joined the faculty of Toyota

Technological Institute, Nagoya, Japan. In 2008, he joined the
faculty of Nagoya University, Nagoya, Japan, where he is
currently a Professor with the Department of Aerospace

Engineering.

H EBEF

2008 £ 12 KRR AR SR BE A T RF 0 78
FH O (ANRRE) . BifEIX, Ak
B REEARAAL XA 2 THRHEME IR
ELT, f& OB 4 BT 5 SEERL
M OIS BRIt H

Hiroko KAMIDE

HIROKO KAMIDE received the Ph.D. degree in Human
Sciences from Osaka University, Japan, in 2008 and is a
designated associate professor of Institute of Innovation for
Future Society at Nagoya University. Her current research
topic is social acceptance of innovative technology from a

social-psychological approach.

meE EE

it (T4 - ik (E5) 1999 4F 4 H
R L TR A AR I o L R B T
2001 4F i 11 K2 HATRG AT 72 & 2 T
2011 4F 4 J] BIESR AN AT L2 H Y A
T A THA LA RERIR, 2018 4F 4
A X0 EE, 2019 4F 4 7 X FEFMIFIEBIZ. EEME
GIENT, RERRE, B ORI ESF, IEEE, H A
EKIERR R E o e K OIER B

Yasue MITSUKURA

YASUE MITSUKURA received Dr. Eng. and Dr. Med. from the

University of Tokushima and Keio University, Japan. From

2007 to 2010, she was an associate professor at the Tokyo
University of Agriculture and Technology. Since 2011, she has
been an associate professor and is currently a professor at
Keio University, Kanagawa, Japan. Her research interests are
bio-signal analysis (EEG, EMG, EOG, ECG, GSR, and fMRI)
and brain—computer interfaces. She is a member of SICE,
IEE], RISP, and IEEE.



Technical Journal of Advanced Mobility, Vol. 3, No. 7 (2022) 91

Vertical Autorotation Strategies for a Quadrotor with
a Collective Pitch Control Mechanism

Kota Shibata®!, Yosuke Maeda*', Kohei Yamaguchi*', Shun Watanabe®'!, Shigeru Sunada*’,

Yasutada Tanabe **, Hideaki Sugawara™? Hiroshi Tokutake™®, Koichi Yonezawa™**
Nagoya University *!
Japan Aerospace Exploration Agency (JAXA) **
Kanazawa University **

Central Research Institute of Electric Power Industries (CRIEPI) **

Vertical autorotation is proposed and investigated as an emergency landing technique for a multirotor drone
suffering a total loss of one motor. A quadrotor with collective pitch control mechanisms is assumed. The
blades have no twist because the rotors operate in windmill and propeller modes. The vertical autorotation
consists of two phases. In phase 1, all rotors operate in windmill mode and the collective pitch for no attitude
control is determined so as to minimize the terminal descending velocity. The quadrotor attitude in phase 1
is adjusted by varying the collective pitch. Flight control in this phase will be a research theme in future. In
phase 2, two rotors, including a damaged one, operate in windmill mode while the other two operate in
propeller mode. The collective pitch is determined so that the terminal descending velocity at landing is
close to 0. Each multirotor has a particular critical altitude value, which relates to the specifics of this vertical
autorotation. Critical altitude is the altitude for the case in which phases 1 and 2 are switched just when the
descending velocity converges to the terminal velocity during phase 1. The detailed autorotation process

depends on the magnitude relationship between the quadrotor’s critical and initial altitudes.

Keywords: Autorotation, Multirotor, Collective pitch, Overrunning clutch mechanism

1. Introduction

Recently, multirotor drones have been used in various applications, such as pesticide spraying[1-3], aerial
photography[4], measured surveys[5], and infrastructure inspection[6]. The expansion of the global
multirotor drone market is expected to continue. Numerous accidents and incidents involving drones have
been reported, and the number of accidents is expected to increase along with the use of multirotors unless
their safety is enhanced. Accordingly, the possibility of using a parachute has been investigated to decrease the
descending velocity[7, 8]. Moreover, several studies on “fault tolerance” have been conducted[9-11]. In Ref.
[9], fault tolerance is defined as a system’s ability to continue delivering proper service in the presence of
faults. Methods of controlling a quadrotor and a hexarotor, with one motor out of order in each case, are
studied in Refs.[10] and [11], respectively. However, in continuous flight it is more difficult to control a
quadrotor than a hexarotor because the relative contribution of one motor to a quadrotor is larger than that to a
hexarotor.

Johnson et al.[12] and Silva et al.[13] proposed methods for a flying car, where the torques produced by four
engines are concentrated and the concentrated torque drives the four rotors. By using this method, four rotors
can operate when one engine is out of order as long as the remaining three engines have the available power for

rotating the 4 rotors. However, this method requires a complicated mechanism and it is not suitable for a drone.
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The present paper examines how a quadrotor drone can land safely by using the two phases with different
collective pitches. We do not consider the attitude control required for a safe landing. Specifically, the possibility
of vertical autorotation is studied. A helicopter has autorotation ability to suppress the vertical descending
velocity. Often, the autorotation of a helicopter is not vertical but has a flight path angle, which is more effective
for suppressing the landing velocity. However, vertical autorotation[14, 15] is investigated in the present
analysis because flight control is expected to be easier in this case than in the case of an autorotation with a
flight path angle. The authors previously proposed a multiple-rotor drone with a collective pitch mechanism[16,
17] because this mechanism can provide better flight performance than the rotational speed mechanism. A
quadrotor with a collective pitch mechanism was developed for the present study. Even if all rotors operate in
windmill mode, this mechanism enables thrust control. In addition, vertical autorotation can be performed
without additional equipment such as a parachute.

In the case of a quadrotor, when one motor is out of order, two or four motors should be stopped in order to
control the quadrotor’s attitude. In the method proposed in this manuscript, four and two motors are stopped in
phases 1 and 2, respectively, as discussed later. In phase 1, all the rotors operate as windmills. In phase 2, just
two rotors rotate actively while the other two operate as windmills.

The remainder of this paper is organized as follows. In Sec. 2, basic issues are explained. A quadrotor is
presented to simulate vertical autorotation. Mathematical models for the quadrotor are also provided. In
addition, a vertical autorotation strategy consisting of two phases is detailed. In Sec. 3, numerical simulations
are conducted. Initially, the results for the two phases are provided separately. A strategy combining these
phases for emergency landing is then presented. The two phases are switched depending on the altitude at

which a motor becomes inoperative. In Sec. 4, we conclude the study with a brief discussion.

2. Methodology
2-1 Developed quadrotor and vertical autorotation

The quadrotor shown in Fig. 1, which was developed by Taya Corporation, is used in a simulation to
investigate the feasibility of vertical autorotation. Figure 1(a) shows the front view of the quadrotor, and (b)
shows the collective pitch mechanism[16-19]. As the rotor has an overrunning clutch mechanism, it can rotate
freely in one direction.

The physical data of this quadrotor are shown in Table 1. The flight of the quadrotor is controlled by varying
the collective pitches of the rotors because thrust changes using collective pitch control can be quicker than
those using rotational speed control. In addition, collective pitch control is required for vertical autorotation, as
discussed later.

Figure 2 shows the planform of a blade of the quadrotor. The blades have no twist and the flight efficiency
when the blades are used is smaller than that when twisted blades are used. However, rotors composed of the
blades with negative collective pitch can generate negative thrust as well as large pitching and rolling moments
on the quadrotor. Moreover, rotors with no twist are suitable for autorotation because the blades are used in
both windmill and propeller modes where a rotor is driven actively by a motor.

2-2 Vertical autorotation

The proposed autorotation for quadrotors has two phases. In phase 1, the quadrotor performs a vertical

autorotation, where all rotors operate as windmills. The collective pitch of all rotors is determined to increase

the thrust generated by the rotors in windmill mode, thereby decreasing the descending velocity. In this phase,



Vertical Autorotation Strategies for a Quadrotor with a Collective Pitch Control Mechanism 93

Motor with an over-running
clutch mechanism
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-
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e
(a) Front view of the quadrotor. (b) Collective pitch mechanism.
Fig.1 Quadrotor used in this study[16].

Table 1  Structural parameters of the quadrotor.

Parameter, character (unit) Value 0.143m Rotor axis
Total mass, m (kg) 4.800 E‘ N
Drag area, Cp,S (m?) 0.066 g § '
Number of blades for a rotor, — (—) 2 g o
Collective pitch angle, 6 (deg) ~26~ [
+33
Rotation speed of a rotor driven by a 5400 0.191m
motor, — (rpm) Fig.2 Rotor blade[18].
Number of rotors, — (—) 4
Distance between centroid and rotor 0.313
axis, ., (m)
Rotor radius, R (m) 0.191
Rotor root cutoff, R, (m) 0.0475
Blade twist, — (deg) 0
Moment of inertia of a rotor around th
ro;)atizn:lloaxi:;,?;g 'a m?)t0 roundihe 0.00026
Moment of inertia of the quadrotor o1

around the yaw axis, I, (kg-m®)

the attitude, i.e., the roll, pitch, and yaw angles, is controlled by varying the collective pitches of all the rotors. It
is assumed the control moments in phase 1 are large enough to suppress the rolling, pitching, and yawing
motions. Note that not much power is need to control the collective pitches.

In phase 2, a rotor with an inoperative motor and the opposite rotor (with respect to the center of mass)
operate in windmill mode. The other rotors are driven by their motors and rotate in the same direction, which
is the opposite of that of the rotors in windmill mode. In phase 2, the quadrotor’'s yawing motion is caused by
the difference in the aerodynamic torques between the rotors rotating in two rotational directions. The yawing
angular velocity of the quadrotor causes reversed inflow, particularly at blade elements close to the root of a
blade. As reversed inflow decreases rotor thrust, in the present analysis phase 2 is simulated only when
reversed inflow does not occur. The period of phase 2 is limited by the existence of reversed flow. The
descending altitude in phase 2 is also limited. Therefore, phase 1 is required. As the altitude when one motor
becomes inoperative is high, the period of phase 1 becomes large. That is, the timing of the initiation of phase 2

should be determined so that reversed inflow is not observed at landing.
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The attitude control of the quadrotor in phase 2 is not discussed, because, when one motor is out of order,
the attitude of a quadrotor rotating around its yawing axis can be stable by flight controls[10, 20-24].
2-3 Equations of motion

To simulate the motion of a quadrotor, the following equations of motion are used. Equation (1) expresses
translational motion in the z direction in phase 1. The z axis is the vertical axis in the earth-fixed coordinate
system, and its descending direction is positive. The V), is the descending velocity of a quadrotor and V,, =2,

where z is the z coordinate of its center of gravity.
mVy=mg— 4T~ pVy 'G5, M

The T; during phase 1 can be calculated in the same way as that during phase 2, where the Q is 0. The way
during phase 2 will be stated later. Figures 3(b) and (c), which are shown later, are available for phase 1.
Equations (2) and (3) express the translational motion in the z direction and the rotational motion about the

z-axis in phase 2, respectively.

V= mg=2(T+ T) =5 pVCyS, @
(L~21)0=2Q,~2(H.+ H) L, ®

T, T, H,, H,, and @, in these equations are estimated as follows. A rotor has two blades, blades 1 and 2. In the
following equations, the subscript #z =1, 2 denotes the blade number of the rotor. The azimuth angles of blades
1 and 2, v, and v, (=y, + ), are defined in Figs. 3(a) and (b). In these figures, the blade chord length is
constant for simplicity. However, in the present analysis, the chord length is not constant, as shown in Fig. 2.
Figure 3(c) shows the two components of the inflow velocity to a blade element at distance 7 from the rotational

axis, U, and Up. The U;, and U, are tangential and perpendicular to the rotational plane, respectively. The

blade 1

(a) Inflow velocity to a blade element at distance » (b) Inflow velocity to a blade element at distance »

from the rotational axis of an active rotor. from the rotational axis of an inoperative rotor.

(c) Definitions of Uy, Up, 6, ¢,, and «,.
Fig.3 Inflow velocity to rotor.
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angle of attack «, and the inflow angle of the blade element ¢, are also shown. These are defined in the

coordinate system fixed with the blade element. For an inoperative rotor, the tangential component is

Usy = LamQ cosy, + 7(w; + Q), @
and for an active rotor, we have
Ur, =l cosy, +7(w, — Q). ®)
Moreover, the perpendicular component is common for inoperative and active rotors:
Up=V,— v, )

In the simulation, U, should be positive at any blade position as long as R, <7 <R is satisfied. Hence, the
simulation is terminated when U, is negative. By using U, and Uy, the inflow angle at the blade element ¢,

and the angle of attack «, are given by

a,=¢,+0 ®)

The lift and drag acting on a blade element at distance 7 from the rotor axis are given by

dL,= LU, + UDC(o)c)dr, ®

AD, = (U2, + UR)Co (@) (). (10)

By integrating the thrust and drag acting on an element from the root to the tip of two blades, T= (T,, T;)
and H= (H,, H,) are given by

2. R 2. rR
T= f dT,= f dL, cos¢,,+dD, sing, ), 11
nZ:;Ro nZ:;Ro( (/) ¢) ( )
2. rR 2. R
H= dH,= / dD, cos¢, , — dL, sing, ,)cosy,. 12
21 Zl( o, $,.)cosy (12)

Moreover, by simple momentum theory, 7= (T, T;) is expressed as
T=2pA(Vy+v;)v, (13)

This equation is not valid if 0<V,/v, < 2. In this region, the following empirical equation[25] can be used to

Vo (v\e, [(oV_ o oaf2:Y
Uh(”h) _/<”i> O'O3<”h>. a4

Here, v, is defined as the induced velocity during hovering:

_|.T
v,= 20 (15)

In the present analysis, the quadrotor flies with acceleration. For simplicity, we ignore acceleration’s effect on

obtain v;:

the aerodynamic force acting on the blade. In addition, under a quasi-steady assumption, v, is the induced
velocity for generating an instantaneous thrust T at a rotor.

Moreover, the torque @ = (@,, &;) about the rotational axis on a rotor is

2. 4R
Q=) f r(dD, cos$,, + dL, sing, ). (16)
n=1"Ro

The power consumed by the motor rotating an active rotor is given by
P=0Q.w,. a7
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The equations of rotating motion of a rotor in windmill mode are also given. For phase 1, we have

a= =7 (18)
and for phase 2, we have

Because the flight modelling is constructed based on blade element theory (BET) and simple momentum
theory, the accuracy of this combined theory is improved by using the airfoil characteristics shown in Fig. 4.
These airfoil characteristics were determined so that the thrust and torque acting on a rotor during hover,
which are estimated by both theories, are close to those estimated by the CFD software package rFlow3D
(developed by JAXA) [26, 27]. Good agreement in the C,— C, curve between CFD and the experiment is
shown in Ref.[18]. In Fig. 5, the rotation angular velocity and the collective pitch are w =419 rad/s and 6=15
deg, respectively. The quadrotor can hover under these conditions. Figures 5(a) and (b) show good agreement

in Crand C, between the two calculation methods stated above. Here,

T Q

B prR'w® o PR’ w’

Cr (20)

2.1 T T T T T T T
1.9
1.7
1.5
1.3
1.1
0.9
0.7

—
3]

e
\O
T
1

e
D
T
1

e
[95)
T

Lift coefficient C] [-]

o
=)

(=)

15 30 45 60 75
Angle of attack « [deg]
(a) Lift coefficient.

90

0.5
0.3
0.1

Drag coefficient C; [-]

—0.1(')

15 30 45 60 75
Angle of attack « [deg]
(b) Drag coefficient.
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3. Simulation results

We next numerically investigate the proposed vertical autorotation strategy. First, the performance in phases
1 and 2 is investigated separately. Subsequently, the hybrid autorotation technique, which uses phases 1 and 2
in combination, is also formulated based on the results.

3-1 Descending velocity in phase 1

Figure 6 shows the time variations of V}, in phase 1. The collective pitch 6, which is common in all rotors, is
constant during phase 1. As shown in Fig. 6, the descending velocities converge at approximately 4 s. The
converged descending velocity is approximately 12 m/s when 6, is between —1° and 4°. When 6,<1°, the
converged descending velocity increases as 6; decreases.

The minimum descending velocity (11.9 m/s) is observed when 6, = 1°. Therefore, the collective pitch should
be close to 1° during phase 1. In the analysis below, 6,= 1° is used in phase 1.

The terminal velocity when the rotors do not generate thrust during phase 11is V,,= «/W =34.1m/s.
The C,S is the drag area of a fuselage, and its value is shown in Table 1. The difference in V,, between the case
when the rotors in windmill mode generate thrust and that when they do not generate thrust indicates that the
rotors in windmill mode can contribute to the decrease in the descending velocity. Moreover, the quadrotor
attitude can be controlled by varying the collective pitch angles of the rotor in windmill mode. To stabilize the
attitude control in phase 1, the rotors should stop just after one motor becomes out of order. And the magnitude

of disturbance is limited.
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Fig.6 Descending velocities (phase 1).

3-2 Descending velocity in phase 2

Phase 2 of the vertical autorotation is now simulated. The initial value of the descending velocity is equal to
the terminal velocity in phase 1 for 6,=1°, which is 11.9 m/s. During phase 2, the collective pitch of the
inoperative rotors 6, is fixed at 0°. The collective pitch of the active rotors 6, varies between 20° and 26° in 1°
increments. In addition, V,=0.1 m/s is assumed as the descending velocity necessary to achieve a safe
landing. Hence, the simulation is terminated when the descending velocity decreases to V,=0.1 m/s. The time
variations of the descending velocity V), angular velocity  of the quadrotor, power consumption P of one active
rotor, and altitude Z during phase 2 are shown in Figs. 7-10, respectively. As shown in Fig. 7, the simulation for

0,=21° is terminated when V,<0.1 m/s is achieved. For 6,=20°, however, reversed inflow to blade elements
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for Ry,<r <R is observed when ¢ = 5.2 s, and the simulation is terminated. Thus, only the time variations of V,
Q, and P when t<5.2 s are shown. As the collective pitch 6, increases, the durations of phase 2 and the
maximum values of Q, as shown in Figs. 7 and 8, respectively, decrease. Although the rate of change of Q
increases as the collective pitch increases, the quadrotor achieves the terminal velocity for a safe landing in a
significantly shorter time, and the angular velocity of the quadrotor at landing is smaller. As shown in Fig. 9,
however, the maximum values of P, which are observed at the beginning of phase 2, increase. The maximum
value of P is lowest when 6,=21°. Here, the case of 0,=20° is ignored, because the simulation is terminated
before landing. Note that the power curves oscillate with the frequencies determined by the rotational angular
velocities of the blades and the quadrotor. The amplitudes of oscillations grow larger with time. Figure 10
shows the time variations of the altitude of the quadrotor during phase 2. As the simulation is terminated

because of reversed inflow, the case of 6, =20° is not shown. In Fig. 10, the initial altitude is determined so that
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the altitude is equal to 0 when the terminal velocity for the safe landing rate of 0.1 m/s is achieved. As 6,
increases, the initial altitudes in phase 2 decrease.

Figure 11 shows the time variations of V,, during phase 2 when 6,=21°. The collective pitch for the
inoperative rotor varies in the range of —7°<0,<5°. When 6,= —1° and 0°, the terminal values of V,, reach 0.1
m/s without reversed inflow. The difference in the curves in this figure between 6,= —1° and 0° is negligible. In
the other cases, reversed inflow is observed, and the simulation is terminated before the terminal velocity for
safe landing is achieved.

From the above discussion, during phase 2 in the analysis below, 6,=21 deg and 6,=0 deg. The maximum
values of P at the beginning of phase 2 should be less than the available power of the motor—battery system. It
should be noted that the attitude can be stable during phase 2 by the rotation of the quadrotor around the

vertical axis.
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Fig.11 Descending velocities (phase 2) (6,= 21 deg).

3-3 Guideline for hybrid autorotation

Herein, we consider “hybrid autorotation,” which combines the strategies in phases 1 and 2. We assume that
the quadrotor suffers a total loss of one motor at a given initial altitude and that phase 1 is immediately initiated.
At a given altitude, the autorotation phase switches from 1 to 2. As stated above, 6; during phase 1 is 1°, and 6,
and 6, during phase 2 are 0° and 21°, respectively. To investigate the performance of the hybrid autorotation,
simulations are performed for three types of initial altitudes, denoted as cases 1-3.

In case 1, the initial altitude is 47.1 m, and the time variations of the descending velocity and altitude are
summarized in Fig. 12. In this case, phase 1 switches to phase 2 just when the descending velocity converges to
the terminal value V,,=12 m/s. Phase 2 terminates when a safe landing velocity of V/,,=0.1 m/s is achieved. The
initial altitude in case 1 is termed the critical altitude. In case 2, the initial altitude is 57.4 m, which is 10.3 m
higher than the critical altitude, and the results are shown in Fig. 13. The time variations of the descending
velocity and the altitude during phase 2 are the same in cases 1 and 2 because the rotor operation is the same.
Phase 1 in case 2 is the combination of phase 1 in case 1 and descending flight with a constant terminal
descending velocity of V=12 m/s. In case 3, the initial altitude is 15.4 m, which is lower than the critical
altitude. The results for case 3 are shown in Fig. 14. Phase 1 switches to phase 2 when the descending velocity

is 8.3 m/s. This value is smaller than that in cases 1 and 2 by 3.6 m/s. Phase 2 terminates when a safe landing
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Fig.14 Simulation results of vertical autorotation from an altitude of 15.4 m (case 3).

velocity is achieved, as in cases 1 and 2. The descending altitudes in phases 1 and 2 are decreased by
approximately 24.7 m and 6.9 m, respectively, compared with those in case 1. When the initial altitude is less
than the critical altitude, the duration and descending altitude of phases 1 and 2 decrease with the initial
altitude.
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The power consumption for hybrid autorotation was also investigated. Figure 15 shows the time variations of
the power consumed by a motor driving an active rotor for the three cases. Similar to the case in Fig. 9, here
the power curves oscillate and the amplitudes increase with time. In phase 1, all rotors are in windmill mode,
thus the motors consume no power. In phase 2, the time variations of the power consumption for cases 1 and 2
have the same shape because the operation of the rotor is the same in these cases. As the descending velocity
of the quadrotor decreases as phase 2 proceeds, power consumption decreases. This is because the angle of
attack and the dynamic pressure of a blade element (that is, the drag on the element) decrease, as does the
torque. As the largest power is required at the beginning of phase 2, the power necessary at this time should be

less than the available power of the motor-battery system.
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Fig.15 Time variations of power consumed by a motor.

To formulate a guideline for the proposed vertical autorotation, additional simulations were conducted for
several initial altitude cases. The results are summarized in Fig. 16, which shows the variations of certain
parameters with respect to the initial altitude. Figs. 16(a), (b), (c), (d), and (e) show the switching time,
switching altitude, duration ratio (ratio of duration of phase 1 to that of phase 2), descending distance ratio (ratio
of duration of phase 1 to that of phase 2), and maximum necessary power, respectively. Figure 16(a) indicates
that the switching time increases linearly when the initial altitude is larger than 47.1 m, which was defined as
the critical altitude. This can be explained as follows. When the initial altitude equals the critical altitude, phase
2 begins when the descending velocity in phase 1 converges to the terminal velocity. When the initial altitude is
higher than the critical altitude, the duration of phase 1 increases and that of phase 2 is constant. Then, the
slope of the line when the initial altitude is higher than 47.1 m is 0.084 s/m, which corresponds to the reciprocal
of the converged terminal velocity of 11.9 m/s. When the initial altitude is lower than the critical altitude, the
relationship between the switching time and the initial altitude is slightly out of line for Z;>47.1 m.

The switching altitude monotonically increases with the initial altitude, as shown in Fig. 16(b). When the
initial altitude is higher than the critical altitude, the switching altitude is 17.3 m. When the initial altitude is
close to 0, vertical autorotation may not be particularly useful because the descending velocity is not high. In
practice, a quadrotor should fall freely without conducting phases 1 and 2.

Figure 16(c) and (d) show the ratios of the descending distance and duration between phases 1 and 2. When
the initial altitude is higher than the critical altitude, the ratios increase with the initial altitude with a constant

slope. This tendency is evident from the above discussion. These figures indicate that when the initial altitude
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is lower than the critical altitude, the ratios also increase with the initial altitude with a slope less than that for
Z,=47.1 m. Figure 16(e) shows the maximum necessary power consumed by a motor driving a rotor. The
necessary power is obtained at the beginning of phase 2 and is nearly independent of the initial attitude; the
value is approximately 700 W, which is nearly four times that at hover. The available power of the motor-battery
system should be higher than this maximum necessary power. Note that the total necessary power for phase 2,
where two rotors are active, is about twice that for hover, where all four rotors are active.

When available power is less than this maximum necessary power, the collective pitch is set to be smaller
than 21 deg in the present analysis. The period, the descending altitude, and the terminal velocity of phase 2
become larger. Moreover, the period of phase 1 becomes smaller. The present method becomes less effective
as the available power decreases. The present method for enhancing safety of a quadrotor requires the high

abilities of motors and batteries. Their improvements in future will lead to more availability and reality of the

present method.
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Fig.16 Switching guideline for vertical autorotation.

4. Conclusion

To ensure safe flight, a helicopter must be capable of autorotation. It is desirable that multirotor drones also
have this capability, as they have rotary wings as well. The possibility of vertical autorotation for a quadrotor
was investigated in this study. To maximize this possibility, we assumed a quadrotor with a collective pitch
mechanism, motors with an overrunning clutch mechanism, and blades with no twist. This is because the
rotors operate in both propeller and windmill modes during the proposed vertical autorotation.

The vertical autorotation consists of phases 1 and 2. In phase 1, all rotors operate in windmill mode, and the
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collective pitch is determined so as to minimize the terminal descending velocity. In this phase, the attitude can
be controlled by the variations of collective pitches when the disturbance is not large. Flight control will be a
research theme in future. In phase 2, two rotors, including a damaged one, operate in windmill mode, and the
other two operate in propeller mode. The collective pitches are determined so that that the terminal descending
velocity is close to 0 under the condition of no reversed inflow to the blades. The maximum necessary power of
a motor at the beginning of phase 2 should be less than the available power of the motor-battery system. In this
phase, the quadrotor attitude can be stabilized by its rotation around the vertical axis.

Each quadrotor model has a particular critical altitude value for this vertical autorotation. The concept of
critical altitude, which is a specific value for each quadrotor model, was proposed. The autorotation method
depends qualitatively on the magnitude relationship between the critical altitude and the initial altitude of a
quadrotor when one motor becomes inoperative. If these altitudes are equal, phase 2, in which two rotors
operate in propeller mode and the others in windmill mode, begins just when the descending velocity reaches
the converged terminal velocity during phase 1. When the former is lower than the latter, the duration of phase
1 is extended by the difference between the critical altitude and the initial altitude of the quadrotor. When the
former is higher than the latter, both phases become shorter. The descending velocity at landing is close to 0,
independently of the magnitude relationship between the critical altitude and the initial altitude of a quadrotor.

The maximum necessary power for vertical autorotation is required at the beginning of phase 2. The
maximum necessary power is nearly independent of the altitude at which a motor becomes inoperative, and it
is significantly higher than the power for hovering. For vertical autorotation, the available power of the motor—
battery system should be higher than the maximum necessary power. The present method becomes less
effective as the available power decreases.

There is possibility that manned and unmanned multirotor aerial vehicles will change our lift-style
dramatically. To use them in our daily life, their safety is the most important requirement. Any possibilities
should be investigated for enhancing their safety. The present proposal has been made as one of the

possibilities for enhancing their safety and realizing their use in our daily life.
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Development of Gas Turbine Generator for

Large UAM
— Next-Generation Hybrid Power Systems—

Yukio Fukushima*', Toyohiko Ota*’
Aero Develop Japan Co. Ltd. (ADJ) ™!

The bottle neck of the realization of large-scale UAM is the power source, and there is eagerly expected
for the development of a high-performance power source to replace lithium batteries. Next-generation
hybrid power systems consisting of gas turbine generators with high-efficiency power supply capability and
lithium batteries with excellent instantaneous power supply capability are considered to be the mainstream
of next-generation power sources.

In order to meet the large UAM power requirements, AD] is developing a maximum output 30 kW class
gas turbine generator, which is the heart part of the hybrid power system. It is currently in the final stage of
development, and the first gas turbine generator functional testing was conducted in June 2022. The GT/
GEN development is scheduled to be completed in December 2022.

This paper describes the background to the development of gas turbine generators, trends in the
development of next-generation UAMs, market size forecasts, the development status of gas turbine
generators in ADJ, and the ADJ GT/GEN lineup plan.

Keywords: UAM (Urban Air Mobility), hybrid power systems, gas turbine generators (GT/GEN),
eVTOL, flying cars
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®9 30kW iy Ay —V U 38EBETFEL N

R 10 7 R%— ¥ ZEEBEHBRR

TXNDERL, TR —CUEERINESHIND Z L2t $5, BAKWICIZ, TAY—-EU3EE
BIZ2HDE1IMTHEREINL ZEA2HIIRET 5. $72, GT/GEN HEF 7213 KM Fo— v ofi s b 6
Bz, BkaEt, #E, MAT, BRI T RTENEM T ). AFHHEICLY, XM u— FEES L ORITH
RERFIIIC BT, Ry Tk mﬁua_bn VEBUIEBT %,

BARMEESTEICOWTU TSRS, HEARE 2L 30 kWA A5 — U IEBEOHEIIREEMEIZH
D, AT - Bk BRI T S NIREETH B AD] ISR TIX, RWICFEOKE W50
kW H A% —E % f‘-éb&%l?ﬂ"@“% FIECHD, ZOT v T L— FESIE, 30 kW #% GT/GEN Fi% T
DA - FEEEZN—=22, ATr—SE ) T4 2P LR TORTEELRLZLDTH D,

NRA T — K100 kg PLEOKE Fo—r@77121E, 100 kW # L E D GT/GEN 3L ETH H. S DOEIHIE
RICEZ D720, AD] O IS ERTE TlE, 100 kW (50 kW x 2 4), 200 kW (100 kW X 2 &), 500 kW
(250 kW % 2 &), 1,000 kW (500 kW x 2 75), 2,000 kW (500 kW x 4 75) =& DT 4 ¥ F v THZE % 5HH
LCw5, 17750 kW, 100 kW, 250 kW, 500 kW 7 & GT/GEN > V) — XBAS§IZ LD, Fu—rEj%E
K 100 kW ~ 2,000 kW F CEMEET LEMHTH S (F2),
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K2 HMAEHLEH : Fo—rEIJIERE GT/GEN i1 x 5%

Fo— &%k | 50kW GT/GEN | 100 kW GT/GEN | 250 kW GT/GEN | 500 kW GT/GEN
100 kW 28
200 kW 4H) 2hH
500 kW 25
750 kW 25 25
1,000 KW 4B) 25
1,500 kKW Ce Coee 2H 2H
2’000 kW P P . 4 —é]\

4. S KERKXERO—> A0 ADJ DRV &

ADJ TlZ, 30 kW, 30 kg &4 9 JTIAIEE &\ ) /NI A 4 — U U SEEMEE FEH L T b, it o
FHARB PO - BIUEREZ VY TIE, "EEPER&ERHMAAT PATRLZERIE > TWb, fit
ZEREIE [ Vv, EEEESRE - < VF a7y —HE 8, RIMURE Fo— i3 [Eilrs
HAY—Er5EEE] LOFMTHL, Fu— 2 EEO/N - Bl - BE bicid, m#EREERTA S -y
EREI SRS — DR CTH D EDEZ T D, GT/GENBZEF — 213, HHIT 7 v b Y U BEHME
HLIZ, Ty MDY SN, EERELY, Zfin T Y arEahcma L, B - 2l - St Ak
REREAT A Y — & U FEEREDEBAZEI LT 5,

COHNAY — ¥ EEKRIL RO 2 O00EFHN, 15O\ WIERE L VW) ZRIFEHE EML TV 5,
B1EHIE, “1TkgM4720 1kW L WH D7 FATHRE Ny TOZR VT —%E (FEY7-) 1) %
ER L ThHL, 2O EIZLD, Bl ITHIWER 50 kg, RITEM 1EEMUEE VI KB Fo—-2 o
FEBATRIC L2, 2 HEIE, WIEHICENLZ L ThbH, FEIFADI0KWHRA A Y — ¥ VU 5EEIL,
ZERR 7 N |ZWTEE SN D 500 kW 7] GT/GEN T, A7 — V7 v b, BHICHENTRTH 5,
HEI3EAE, BWRREETHL, YOIy ay, SDGs AT T, BAEDOLTIMAREZ, N4 FE, &
DAIEARIK R IREL E CTRIBTTRETH %6

%2, AD] O HIg$ AL, TR Y — UV EERERO UAM (K# eVTOL) % 7 V{3 % DaaS
(Drone as a Service) FE¥#x#IT L THb,
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