ISSN  2435-5453

Technical Journal of

Advanced Mobility

R ENAFZIN &

=

W7 JhIVAl FO—=YDIv—FIb
SE ki

X

(][

Il Development of CO2 Gas Sensing Method using Formation Flight with Four Drones

Shanfeng Zhang, Shigenori Togashi, Etsuki Yoshimura 2

W FO—2IEdd 2RO DR E CG (BT B MBEDHE I 12
B E. BR BN LK R OBRE BR Bl BFR &

W EAMEEERICH BEM) RV BLUHBREV XV ERRE LY R TERAAY FFEOEBREMENT L—LT—I DRE 28
HEE A PN &R Ak EEF 2N B BK EHE AN Tt

W 7 — 2 BBRSIEIC L ZEER VAV ORBEHBEBF 1 — = 7 IBIT BHR 45

fEE BN & . mE E

111 RN A

Japan UAS Industrial Development Association

Vd.77

2026




Technical Journal of Advanced Mobility, Vol. 7 No. 1 (2026) 1

ZAHNVALI Fe—voDodvy—F

o

TN ¥ —FAIRERERE
— e FE A H A UAS FEEIR B S
HEHE Sl b

2026 FEDQEEBT X L7z, HATHFEO CHREZH L LFE T,

— Mt A N H A UAS EEZER B2 (JUIDA) 2356173 % Technical Journal of Advanced Mobility (TJAM)
X, Fu— VDRI OB E R & FEER O BERRICR M T 5 72 0 IR I e A v T A4 v BAfTER
26T GRS T2 Nz 6 T 0 £ 37, mEEL 2kt ) 2 TJAM T3 23, WE4E 2025 4F % ] 2. 1L\ Letter
TEREL L, ERCHDC TSR I N & — v, SR E HAK (BHEREM) omfiiE#cx 2
FLWHIEZEHIT2EZEE D DH TSV E L, SRR o Ve —vBXz 7Y 7 4 BREICHA T
EHF2YYy—FA2HELTEY £, 20—BE LT 2026 1 OEHS b REREZ CHETZ L A
DE L7, 5%E D TIAM % 20 — S UIGER L CHEITRIEENTT,

Z D7 — N VOFEETT A, BES  OELZ OSITiEPlZ 2 L T 5 Japan Drone JE T, 2026 4 K
AR —kyvaVHERRELTEYET, SED LY va—F—2HELTEY T 0T, HFHR
HROFEDOHRET DMMREDL LD TSN %E BFEH L CH Y £3, %7z Japan Drone DR A X —+k v ¥ 3 ik,
AR CTA—F— Yy PO A[REAEEAEATTOT, SEDFFICELT o Tl 5 X5 xR
ALTEYET, KV v —FNOEFEFFERELLCAMNA 2 EL I IE 2 DT 4 TTDT, EEF KL
2o THEHR PRI 2 T 2 a2 X7 2 0%E D TIAM (3R L 3, Zo%EIZEE 2 <
7= VCHEL 3O T, 00 DR M ICHEL T nweEZXTEY £,

A 2026 it HAPKECEEFTLHIHEHI W T T, FAADY—+ 108 O EEICHENL L 7z B
IRAT 73 ElER R ZE Dl e A E v F v L v T 3 E X [REfTZE] oFECT, TAENZ RT3
~Azublu—vhrb, MTHEEABRTT S Fe—yvya—, KEBICE» SE KR HAPS Bl GmfE
6G Fr—vFET, MAMZEERLZTEL Y 7 4 DEANILHRILL T E T, TIAM 1E. Z 0% kkHHEdi
DI LIEHRILEICHIAL TS0 £ 3, AEDMEFEE LK BHVHL RIFET,

2026 £ 1 H#H

AH $it Kakuya Iwata

ENZRFFERAFIE N R ATTZEIT EAR I (THFE . 1998 4 s 38 TR BBt S Feimic AT, 55 16 [l
BMEL YR Yy 4 EMS HZHE, 5 12 FICHYRA AR E 2, &6 LED %, PFEaEEEis o ¥
ATy FBFICE Y | 2007 4F AN 2508 - PFEiIES iR £ 28, 2008 FICRFEEY WEHER
BRI TRy PR ICHERH, 2009 4ELIRE TNIIGATA SKY PROJECT | DM AfZetEBaS % 325 11, 2014 4E1c JUIDA
7. 2018 £ X U ISO TC 20/SC 16(MEAMZEHE) ICSAN L, 2022 [FEREFHFEEY FEEEEFEREZE, OARNEEHY
R 52 MUERKAMERRAESHFEREZHE,



Technical Journal of Advanced Mobility, Vol. 7 No. 1 (2026) 1

Foreword: “The Journal for Physical Al Drones’
Chairman of the Technical Journal Editorial Committee
Japan UAS Industrial Development Association (JUIDA)

Executive Director Kakuya Iwata

The year 2026 has commenced. We extend our sincere New Year’s greetings.
The Technical Journal of Advanced Mobility (TJAM), published by the Japan UAS ‘ 5?
Industrial Development Association (JUIDA), is an online technical information magazine
established to provide industry stakeholders with technical information beneficial to the advancement of the
drone industry. The number of papers published continues to increase year by year. While the Technical
Journal continues to evolve annually, last year (2025) saw new patterns emerge. For instance, authors first
published a Letter before formally resubmitting it into a full paper, and some utilized the new system allowing
simultaneous publication in both English and Japanese (native language) editions. Moving forward, we aim to
develop the journal into one accessible to drone and air mobility professionals worldwide. As part of this
effort, from 2026, the opening statement will also be available in English. We would be delighted if TJAM
continues to be utilized by readers around the world.

Regarding global engagement, the poster session at Japan Drone, which sees lively participation from many
countries each year, has been scheduled for 2026. We will again provide a presentation corner and look
forward to participation from laboratories with young researchers and students. Furthermore, the Japan
Drone poster session offers a valuable opportunity for author visits based on academic papers, so we are
considering ways to encourage authors to gather there again this year. As authors of this journal span diverse
fields including industry and academia, TJAM also serves as an ecosystem promoting information exchange
and sharing across industry, government, and academia. This role extends globally beyond national borders,
so we actively encourage submissions from overseas.

The year 2026 is viewed as a pivotal moment of significant global transformation. It is truly a year of
boundless imagination, confronting and challenging advanced aerial technologies such as the highly
automated beyond visual line of sight (BVLOS) flights under FAA Part 108 regulations. From micro-drones
inspecting sewer pipes to drone shows involving thousands flying simultaneously, and even massive HAPS-
type space optical communication 6G drones floating in the stratosphere, unmanned aerial vehicle and air
mobility technologies are diversifying. TJAM will contribute to the development and information sharing of

these diverse new technologies. We look forward to your continued support this year.
January 2026

Kakuya Iwata

Senior Principal Researcher, National Institute of Advanced Industrial Science and Technology (AIST). Joined the Electronics and
Telecommunications Research Institute, Agency of Industrial Science and Technology, Ministry of International Trade and Industry (MITI) in
1998. Recipient of the 16th Electronic Materials Symposium EMS Award. Recipient of the 12th Applied Physics Society Presentation
Encouragement Award. His work spans from blue LED development and semiconductor production equipment development to industrial flying
robot development. Received the 2007 Japan Society of Mechanical Engineers Transportation and Logistics Division Outstanding Presentation
Award. Engaged in robot policy at the Industrial Machinery Division, Manufacturing Industries Bureau, Ministry of Economy, Trade and
Industry in 2008. Launched the unmanned aircraft development for the “NIIGATA SKY PROJECT” in 2009, establishing JUIDA in 2014.
Served as an ISO TC20/SC16 (Unmanned Aircraft Systems) expert since 2018. Received the Ministry of Economy, Trade and Industry
Industrial Standardization Project Award in 2022 and the Excellent Presentation Award at the 52nd Annual Conference Research Presentation

Session of the Japan Society for Quality Control in 2022.
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Graduate School of Advanced Science and Engineering, Waseda University *'

Mechanical Engineering Course, School of Science and Engineering, Kokushikan University **

Understanding gas concentration distributions near the ground is important for disaster prevention and
safety management. In this study, as part of expanding drone applications, we tried to develop the CO, gas
sensing method using formation flight with four drones. By flow simulation, we confirmed the gas updraft
flow not only velocity but also concentration distribution generated by the drones. It was confirmed that the
updraft flow velocity around the sensor was 2 m/s at the height of 0.3 m, and the concentration ratio was
between 0.95 and 0.99, respectively. Then, to stable the formation flight with four drones, a rope was used
between the connecting rod and the drone. Then, the CO, sensing experiment using this approach was
conducted. The average concentration values of 4,290 and 4,710 ppm of three experiments were measured
at the heights of 0.5 m and 0.3 m, respectively. Moreover, we tried to predict the concentration at the CO,
source using the steady-state one-dimensional convection-diffusion equation. It was found that the predicted
concentration of 4,772 ppm at the CO, source was in between 4,700 and 4,800 ppm measured by sensor.

Finally, the effectiveness of prediction was confirmed.

Keywords: Drone, Formation flight, Flow simulation, Gas sensing, Convection, Diffusion, Prediction

1. Introduction

There is a wide range of possible applications for drones, such as for infrastructure inspection, agriculture,
logistics, photography, disaster prevention, and gas sensing. In dangerous site inspection, their ability to quickly
collect information in hazardous areas where human entry is dangerous has become increasingly important.
The poisonous hydrogen sulfide (H,S) gas and high concentration CO, gas, being heavier than air, tend to
accumulate near the ground in underground or enclosed spaces, potentially causing delayed responses, oxygen
deficiency, or poisoning. Understanding gas concentration distributions in such environments is important for
disaster prevention and safety management. In recent years, papers have been published on the use of drones
for gas sensing tasks. Li, et al. [1] reported the air quality monitoring, and Motlagh, et al. [2] reported the air
pollution monitoring using a drone in flight, respectively. On the other hand, Neumann, et al. [3] reported results
of gas source localization experiments using a drone equipped with several different types of gas sensors by
applying a particle filter-based algorithm to the sensor data collected in flight. Successful gas source localization
demonstrations were also reported for a drone equipped with a laser-based remote methane detector [4].
Despite these successful examples, there is a problem using drone for gas sensing tasks. The rotors of a drone
produce a strong downwash to obtain the lift force. Most gas sensors show a response only when a gaseous
chemical substance touches the sensor surface. The gas contained in the surrounding air needs to be transported
to the sensor surface by convection and diffusion. When a drone flies, the downwash generated by rotors blows
off the gas near the ground. This problem has been raised even in early work on gas sensing drones [5]. To

solve the above problem, Sato, et al. [6] proposed the gas sensing method by using the fountain flow [7]
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generated by the two drones connected by a rod. In their paper, the flow velocity distribution by numerical
simulation and the experimental results with air were also reported. Moreover, Akaogi, et al. [8] proposed the
gas sensing method by using the fountain flow generated by the extended arm quad type drone. In their paper,
their experimental results with ethanol gas were also reported.

In the above previous studies, there are still some issues as follows. First, the gas updraft flow velocity distribution
generated by the drones is shown using flow simulation, but the gas concentration distribution is not shown.
Second, the formation flight equipped with the gas sensor is unstable in case of direct connection between rods
and each drone. Third, there was no prediction of CO, concentration at the source based on the sensing point.

Therefore, in this study, we assumed the application example of CO, sensing with heavier than air and larger
amount at the underground parking lot as shown in Fig.1. First, flow simulation was conducted to visualize the
gas updraft flow not only flow velocity but also concentration distribution generated by the drones as detailed in
Chapter 2. Second, the formation flight equipped with the gas sensor is unstable in case of direct connection
between rods and each drone. Therefore, a rope was used between the connecting rod and the drone, instead of
connecting the rod directly to the drone. With this approach, the individual differences of drone position and
height were compensated for by the rope, and the formation flight with four drones were stably continued as
detailed in Chapters 3 and 4. Third, we conducted CO, sensing experiments using formation flight with four
drones and predicted CO, concentration at the source from the sensing points using the one-dimensional

convection-diffusion equation as detailed in Chapters 5, 6, and 7.

CO: canister

CO:

Fig.1 Application example of CO, sensing at the underground parking lot.

2. Flow simulation

To visualize the gas updraft flow not only flow velocity but also concentration distribution generated with the
drones, flow simulation was conducted using the software Flowsquare "[9-11]. The gas concentration transport
equation is also solved with the momentum transport equation in Flowsquare ", and the application example
papers have been published [12,13]. Figure 2 shows the flow simulation domain and boundary conditions of
flow simulation around two drones. Parameters Ix, ly, Iz, nx, ny, and nz represent Length in X, y, z direction,
number of grids in X, y, and z direction, respectively. Table 1 is specification of parameters using the boundary
conditions of flow simulation. Here, the domain in the z direction was thinned to perform quasi-two-dimensional
simulation. Parameters W,, P,, and H, represent the width of drone, the diameter of drone propeller, and
hovering height, respectively. Flow simulation conducted both one drone and two drones. In case of two drones,
L represents the distance between drones as shown in Fig.2. Parameters VinG and VinR are the inflow velocity
at the top of drone propeller (Boundary color: Green) and the outflow velocity at the bottom of drone propeller

(Boundary color: Red) measured with a Pitot tube and set to 8 m/s as the velocity boundary condition of drone
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1. Similar boundary conditions were also set for drone 2. Parameters W,, H,, and D, represent the width of
sensor housing, installation height of sensor housing, and thickness of sensor housing, respectively. Here, the

sensor housing was set only in case of simulation for two drones.

y 2.5
ly % 2.0
L <
Dronel Drone2 2 1.5
Vm% ¥ Sensor ?:AL)/ g 1.0
W, 5% E
_ E2E 2 D, Fe “ 05
VinR | H, \,g.§\ Monitoring point 00 1 1 1
Iz} 1D, X 0 20,000 40,000 60,000
z Ground ~ Gassource  Ground Ix Step
Fig.2 Flow simulation domain and boundary conditions. Fig.3 Flow velocity convergence at the
monitoring point.
Table 1 Specification of parameters using the boundary conditions of flow simulation.
) Input data
No Parameters Explanation of parameters
One drone Two drones
1 Ix Length in x direction (m) 2.5 2.5
2 ly Length in y direction (m) 1.0 1.0
3 Iz Length in z direction (m) 0.05 0.05
4 nx Number of grids in x direction 250 250
5 ny Number of grids in y direction 100 100
6 nz Number of grids in z direction 5 5
7 w, Width of drone (m) 0.20 0.20
8 P, Diameter of drone propeller (m) 0.08 0.08
9 H, Hovering height (m) 0.4 0.4
10 L Distance between drones (m) - 1.5
11 VinG Inflow velocity at the top of drone propeller (Boundary color: Green) -8.0 -8.0
12 VinR Outflow velocity at the bottom of drone propeller (Boundary color: Red) -8.0 -8.0
13 W, Width of sensor housing (m) - 0.2
14 H, Installation height of sensor housing (m) - 0.3
15 D, Thickness of sensor housing (m) - 0.05
16 D, Thickness of gas ejection source (m) - 0.05
17 V, Gas ejection velocity (m/s) 0.1 0.1
18 C, Gas concentration ratio 1.0 1.0
19 mu Air viscosity coefficient (Pa-s) 1.8x10° 1.8x10°
20 C, Coefficient of Smagorinsky turbulence model 0.17 0.17
21 ofl Courant-Friedrichs-Lewy number 0.01 0.01

Parameters D,, V,, and C, represent the thickness of gas ejection source, gas ejection velocity, and gas
concentration ratio, respectively. Last parameters mu, C,, and ¢fl represent air viscosity coefficient, the coefficient
of Smagorinsky turbulence model [14,15], and Courant-Friedrichs-Lewy number, respectively. For stable flow
simulation, the Courant number (CFL) number for the explicit method was set to a small value of 0.01. Figure 3
shows the state of flow velocity convergence at the monitoring point near the sensor in Fig.2. It was confirmed

that the flow velocity at the monitoring point converged to approximately 2.0 m/s after 63,000 simulation steps.
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Sensor
Horizontal flow Updraft flow

[ b [ m
0 Velocity (m/s) 12 0 Velocity (m/s) 12
(a) Flow velocity distribution (a) Flow velocity distribution

Gas source

. | |
0 Concentration rat-io 1 0 Concentration ratio *
(b) Concentration distribution (b) Concentration distribution
Fig.4 Flow simulation results in case of one drone. Fig.5 Flow simulation results in case of two drones.

Figure 4 shows the flow simulation results in case of one drone. Figures 4(a) and 4(b) are the flow velocity
and concentration distribution, respectively. The downwash flow generated by the drone spread out as the
horizontal flow along the ground after reaching the ground as shown in Fig.4(a). Therefore, it has been
confirmed that the concentration distribution from the gas source became horizontally as shown in Fig.4(b).
Here, the concentration distribution is expressed as the normalized concentration ratio and ranges from 0 to 1.

Figure 5 shows the flow simulation results in case of two drones. Figures 5(a) and 5(b) are the flow velocity
and concentration distribution, respectively. The downwash flow generated by two drones rolled up as the
updraft flow after reaching the ground. Therefore, it has been confirmed that the concentration from the gas
source became updraft flow and reached the sensor shown in Fig.5(b). Moreover, it was confirmed that the

concentration ratio around the sensor was between 0.95 and 0.99.

3. CO, gas sensor

For the formation flight with four drones, the requirements of CO, gas sensor are lightweight (100 g or less)
and wireless communication function. As a sensor with satisfying the above requirements, we selected the
RICOH EH CO, sensor D101 [16] as shown in Fig.6. Figures 6(a) and 6(b) show the surface side with wireless
communication using the solar panel and the protective housing, and reverse side with four intake ports (No.1-
4) and two exhaust ports (No.5,6). Figure 6(c) shows the inner configuration using NDIR (Non Dispersive
IfraRed)-type. The CO, concentration was calculated from Eq. (1).

1 -
T:E:eeCd (1)

where T, I, I, ¢, C, and d represent transmittance, intensity of transmitted light, intensity of incident light,

absorbance, CO, concentration, and optical path length, respectively.
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Fig.6 Schematic of CO, sensor module and inner configuration.

4. Design of formation flight configuration

Figure 7 shows a schematic of formation flight configuration with four drones and the control method. The
drone used was a Tello EDU with specifications listed in Table 2. The four drones were simultaneously controlled
by a single personal computer using Python program. A rope was used between the connecting rod and the drone
with a spacing of 1.3 m, instead of connecting the rod directly to the drone [17,18] as shown in Fig.7. With this
approach, the individual differences of drone position and height were compensated for by the rope, and the
formation flight with four drones were stably continued. The CO, sensor was suspended at the center of a four-
drone square formation and the concentration data were sampled at 10 second intervals in the tablet computer by
wireless communication function.as shown in Fig.7. The payload of a Tello EUD is 30 g as shown in Table 2.
Therefore, the total payload of the formation flight with four drones becomes 120 g, and the total components
weight was 111 g less than the required 120 g with the weight breakdown of components listed in Table 3.

Single personal Tablet
computer computer

python 3 )

/]

. -
Connecting rod N Protective sponge

Fig.7 Schematic of formation flight configuration with four drones and the control method.

Table 2 Specifications of a drone. Table 3 Weight breakdown of components.
Drone Tello EDU Component Number Weight [g]
Payload of a drone (g) 30 Connecting rod 4 16
Weight (g) 87 Protective sponge 1 1
Maximum flight time (min) 13 CO, sensor 1 90
Number of formation flights 4 Rope 4 4
Total weight (g) - 111 <120

5. CO, gas sensing experiment at the fixed position

Figure 8 shows a schematic of CO, sensing experiment at the fixed position. The CO, gas was generated by
placing 400 g of dry ice in 300 g of water (mass ratio 4:3) into a plastic container with the size of 220 X 170 X 50 mm
as the CO, gas source. The CO, gas source concentration was measured to be between 2,200 and 2,300 ppm by
sensor. The four-drone formation hovered so that the height of CO, sensor kept 0.3 m, and the plastic container

of CO, gas source was in at 5 seconds and out at 90 seconds under the four-drone formation as shown in Fig.8.
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The initial indoor concentration was approximately 1,000 ppm. Figure 9 shows the sensing results of CO,
concentration for 160 seconds. When the four-drone formation was fixed in hovering mode directly above the
dry ice source at a height of 0.3 m. In 5 seconds, the plastic container of CO, gas source was in under the four-
drone formation. In 55 seconds, the maximum concentration of 2,100 ppm was observed corresponding to an
increase of approximately 1,100 ppm over the background concentration. Moreover, in 90 seconds, the plastic
container of CO, gas source was out, and in 160 seconds, CO, concentration returned to initial value as shown in
Fig.9.

2500
£ 2000
RS
c
S 1500 | o .K
Undraft g Dry ice in Dry ice out
Updraft para c
flow oS flow § 1000 [ ----mmoy e p e
Dry ice 8
with water o) 500 Room CO_2
o Couree o concentration
SN
_ omm | 2,20%;3,300 0 ‘ ‘ ‘
Container In_out 05 40 g0 90 120 160
at 5 seconds ’ at 90 seconds Time (s)
Fig.8 Schematic of CO, sensing experiment Fig.9 Sensing results of CO, concentration.
at the fixed position.

6. CO, gas sensing experiment with the horizontal flight

Figure 10 shows a schematic of CO, sensing experiment with the horizontal flight. The CO, gas was generated
by placing 1,600 g of dry ice in 1,200 g of water (mass ratio 4:3) into four plastic containers with the size of
220 % 170 x 50 mm as the CO, gas source. The CO, gas source concentration was measured to be between 4,700

and 4,800 ppm by sensor as shown in Fig.10.

Rope

Updraft Updraft
flow flow

Dry ice Coource Dry ice
with water with water

4,700~4,800 ppm

Fig.10 Schematic of experiment with the horizontal flight.

The experiment was conducted three times, and the amount of dry ice decreased over time. Therefore, dry
ice was added as needed to ensure the concentration was within the range of 4,700 to 4,800 ppm before the
experiment was conducted. Additionally, experiments were conducted at two heights of 0.3 m and 0.5 m. By
using Python-based automatic flight control, a flight sequence consisting of takeoff, horizontal movement,

hovering for 10 seconds above the CO, source, retreat, and landing. The influence of horizontal movement on
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the updraft flow behavior of the formation was evaluated.

Figure 11 shows photographs of CO, sensing experiment with the horizontal flight. Figure 11(a) shows flight
at the height of 0.5 m, and Figure 11(b) shows flight at the height of 0.3 m. Figure 12 shows sensing results of
the CO, concentration Figure 12(a) shows the CO, concentration at the height of 0.5 m, and it was confirmed
that the concentration increased to a maximum of 4,230 ppm. Figure 12(b) shows the CO, concentration at the
height of 0.3 m, and it was confirmed that the concentration increased to a maximum of 4,673 ppm. Additionally,

the prediction of CO, concentration at the source based on the two sensing points is conducted in next Chapter 7.

DRSS Drone

Rope\

CO: sensor

CO: sensor

i

Connecting rod =

. Connecting rod
pryjice Dry ice
with water

Container Container with water
7 0.5m

(a) Flight at the height of 0.5 m (b) Flight at the height of 0.3 m

Fig.11 Photographs of CO, sensing experiment with the horizontal flight at the hovering for 10
seconds.
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Ea| S 3000 T Room CO,
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© Room CO, O concentration
Vs concentration
2000 ‘ w ‘ 2000 ‘ ‘ ‘
0 20 40 60 0 20 40 60
Time (s) Time (s)
(a) Flight at the height of 0.5 m (b) Flight at the height of 0.3 m

Fig.12 Sensing results of CO, concentration.

7. Prediction of CO, concentration at the source
To predict CO, concentration at the source based on the two sensing points at the heights of 0.5 m and 0.3 m,

the steady-state one-dimensional convection-diffusion equation [19] is used as shown in Eq. (2).
u— = Dt — )

where C, u, z, and D, represent concentration, velocity, vertical coordinates, and turbulent diffusion coefficient,

respectively. Equation (2) has the exact solution with the boundary condition: C=C,at z=0, C=C, at z=H as
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shown in Eq. (3).

peZ
e F1 &)

C(z) = Cy +W(CH—C0)

Here, Pe is Peclet number defined as Eq. (4) using turbulent diffusion coefficient D..

uH
Pe = N @
Table 4 shows the values for calculation of Peclet number Pe, we used CO, molecular diffusion coefficient
D, =1.64x10° m*/s [20], and ratio of turbulent to molecular diffusion coefficient D./D,= 10" (Average of 10°-

10°) [21].

Table 4 Values for calculation of Peclet number Pe.

CO,molecular diffusion Ratio of turbulent to molecular
coefficient [20] diffusion coefficient [21] Velocity Height
D, (m%/s) D./D, u (m/s) H (m)
1.64x10° 10* (Average of 10° - 10°) 2.0 0.5

Table 5 shows the predicted result of concentration at the CO, source. The average concentration values of
4,290 and 4,710 ppm of three experiments (N =3) were used at the heights of 0.5 m and 0.3 m, respectively. By
substituting these average concentrations into Egs. (3) and (4), the concentration at the CO, source was
predicted as 4,772 ppm. Additionally, it was found that the predicted concentration of 4,772 ppm at the CO,
source was in between 4,700 and 4,800 ppm measured by sensor as shown in Fig.12. Finally, the effectiveness of

prediction was confirmed.

Table 5 Predicted result of concentration at the CO, source in case of horizontal fight experiment (Fig.12).

Height (m) Concentration (ppm) Method
0.5 4,290 Experimental average N=3
0.3 4,710 Experimental average N=3
0.0 (CO, source) 4,772 Using Eqgs. (3) and (4)

8. Discussion

It is necessary for gas sensing using drones to consider the drone down’s wash flow. Therefore, there are four
categories based on the amount of gas generation and the specific gravity relative to air. First category is the gas
lighter than air and small amount. Second category is the gas lighter than air and large amount. Third category
is the gas heavier than air and small amount. Fourth category is the gas heavier than air and large amount.
Here, the determination whether to the large or small amount is based on the following criteria, that is, the large
amount is defined as that the stable gas supply is larger than the blowing away by the drone's downwash.

This study belongs to fourth category, and we need to generate the updraft flow for sensing the gas heavier
than air and large amount. In contrast, in case of first and third categories, the sensor must be suspended using
a sufficiently long rope to avoid the influence of the flying drone’s downwash. Additionally, in case of second

category, the regular drone equipped with sensor can land on the gas source and sense the gas because the gas
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is lighter than air and large amount. To conduct the study in the above categories, it is necessary to solve the
distance reached by the drone’s downwash using flow simulation. We have already conducted the above study

and plan to report in next paper.

9. Conclusion

In this study, as part of expanding drone applications, we tried to develop the CO, gas sensing method using
formation flight with four drones. Flow simulation of the gas updraft flow, the construction of formation flight,
CO, sensing experiments, and prediction of CO, concentration at the source were conducted. The following

conclusions were obtained.

(1) By flow simulation, we confirmed the gas updraft flow not only velocity but also concentration distribution
generated by the drones. It was confirmed that the updraft flow velocity around the sensor was 2 m/s at the
height of 0.3 m, and the concentration ratio was between 0.95 and 0.99, respectively.

(2) A rope was used between the connecting rod and the drone, instead of connecting the rod directly to the
drone. With this approach, the individual differences of drone position and height were compensated for by
the rope, and the formation flight with four drones were stably continued. Then, the CO, sensing experiment
using this approach was conducted. The average concentration values of 4,290 and 4,710 ppm of three
experiments were measured at the heights of 0.5 m and 0.3 m, respectively.

(3) Moreover, prediction of the concentration at the CO, source was conducted using the steady-state one-
dimensional convection-diffusion equation. It was found that the predicted concentration of 4,772 ppm at the
CO, source was in between 4,700 and 4,800 ppm measured by sensor. Finally, the effectiveness of prediction

was confirmed.
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To promote UAM adoption in society, it is necessary to accurately assess the impact of UAM flights
on people’s unconscious sensibilities. However, flying UAMs to measure these unconscious
sensibilities incurs high costs. Therefore, instead of flying actual UAMs, it is conceivable to measure
the unconscious sensibilities when people view CG of flying UAMs. The issue here is the potential

discrepancy in the sensibilities people experience when exposed to real versus CG UAM flights.
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Previous studies attempted to evaluate this sensitivity discrepancy by using a small drone instead
of UAMs. However, they could perform little statistical analysis due to the small sample size. This
study gathered a larger number of participants than previous research and measured the sensitivity
responses elicited by the flight of real and CG drones. Statistical hypothesis testing was then
performed, and discrepancies were detected in two sensitivity indices. Furthermore, for the other
sensitivity indices where no discrepancy was detected, the sample size required to detect a

discrepancy was estimated.

Keywords: discrepancy, EEG measurement, statistical hypothesis testing, social acceptance,

urban air mobility

1. Introduction

Drones are becoming increasingly prevalent, with industrial drones being utilized in the logistics sector
and “urban air mobility (UAM)” expected to be implemented as a next-generation transportation
infrastructure. For example, Japan aims to further expand the commercial use of UAM in the late 2020s
[1]. Although extensive research and development efforts have been devoted to ensure the safety and
performance of these vehicles, relatively little attention has been paid to the issue of social acceptance
associated to UAMSs. In general, social acceptance is often discussed in terms of technical, institutional, and
market-related factors [2]; however, in this study, this term refers specifically to psychological aspects,
such as the extent to which citizens can tolerate psychological discomfort due to noise and visual
oppression. In the past, insufficient consideration of social acceptance led to public opposition movements
following the construction of airports and high-speed rail lines. Therefore, this historical lesson should be
carefully considered. To the best of our knowledge, there are no established evaluation criteria for
assessing social acceptance. Therefore, facilitating the smooth market introduction of UAM requires
establishing an objective evaluation method for social acceptance, defining acceptance criteria and
incorporating them into the development process. Hara et al. attempted to objectively evaluate social
acceptance by using a simplified EEG-based analyzer, Kansei analyzer, to measure stress levels [3].

A psychosocial survey on noise conducted by Yamauchi et al. indicated that tolerance to stress may vary
depending on the purpose of mobility and the stakeholders involved, even if the same type of mobility is
considered [4]. In addition, prior studies have attempted to incorporate the subjective stress caused by
drone noise into the formulation of operational conditions for drone flights [5]. However, simply setting a
uniform noise level and developing technology to meet this threshold does not necessarily improve social
acceptance among citizens and users. Therefore, acceptable noise levels for each specific use case and
stakeholder group should be explored. To date, such studies have not been sufficiently conducted [6]. To
address this gap, Takahara et al. conducted a benefit-effect assessment experiment using scenario-based
methods to clarify the acceptable noise levels for each specific use case [7]. The results suggested that in
scenarios involving high social significance, such as emergency medical services, the acceptable noise
level may be higher than that for more routine uses such as commuting. However, the reliability of the
obtained data was insufficient, highlighting the need to improve the experimental environment and
investigate the factors contributing to stress. Furthermore, even if the participants can sufficiently imagine
the scenarios presented, the discrepancy between the real UAM and computer graphics (CG) used in the
experiment cannot be overlooked, making it essential to refine the experimental environment and reduce
the discrepancies between real UAM and CG representations.

In this study, conducting experiments using an actual UAM was impractical; therefore, drones were
used as substitutes to examine the relevant issues. Specifically, the Kansei analyzer was employed to
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evaluate the discrepancy in sensitivity between actual and CG drones. The Kansei analyzer estimates
five emotional indices (interest, like, concentration, stress, and calmness) based on characteristic EEG
features, which have been empirically associated with physiological and emotional states in previous
studies [8, 9, 10]. The advantage of this analyzer over the questionnaire approach is the ability to
measure unconscious emotions in real time quantitatively. Quantitative evaluation of the sensitivity
discrepancy aids in creating CG that minimizes such discrepancies. Another application of quantified
discrepancy is correcting the sensitivity values obtained from CG using the discrepancy values to
predict the sensitivity values produced by the actual drone.

Previous studies [11, 12] attempted to statistically evaluate the discrepancy between the sensitivity
caused by CG drones and a real drone as in this study. However, since they had a small number of
experimental participants (only six), they could not demonstrate that sensitivity discrepancy was
significant. In this experiment, by recruiting more participants than the previous studies, we obtained
data with a sample size 4.5 times larger than that of the previous studies. Due to this large sample size,
significant discrepancies were detected in two sensitivity indices. We consider the causes of the
significant differences in the two sensibilities and a method to utilize the obtained discrepancy values.

This paper is organized as follows: Section 2 outlines the Kansei analyzer, which is used for measuring
emotion of participants. In Section 3, drones’ factors which affect the human sensitivity are explained, and
a factor on which we focus is introduced. Section 4 describes the actual drone and CG drones, the
experimental protocol, and analysis methods for the experimental data. Section 5 presents the analysis
results, Section 6 shows the results of the statistical analysis, and Section 7 discusses these results. Section
8 includes some concluding remarks.

2. Kansei analyzer

The Kansei analyzer used in this study (Figs.1 and 2) is a simplified EEG-based analyzer capable of
measuring five emotional indices in real-time: interest, like, concentration, stress, and calmness [10].
This real-time capability is particularly useful for performing time-series sensitivity assessments.

The Kansei analyzer estimates the emotional indices from measured EEG signals via relationship
equations derived from a long-term accumulated database between EEG signals and the emotional
indices. The Kansei analyzer estimates the emotional indices from measured EEG signal. In the
estimation process, first, the noises of the EEG signal are removed by using filters such as a Kalman
filter. Characteristic features of the EEG signal are then extracted based on Fourier analysis and other
methods. The values of the emotional indices are finally computed via equations which express the
relationship between the characteristic features and the emotion indices. Here, the relationship between
the EEG features and the emotional indices was identified from a database in which pairs of the EEG
signals and physiological hormone levels associated with the emotion indices had been collected. See
[13] for further details on the estimation process of the Kansei analyzer.

_ Electrode

Fig.1 Installation method. Fig.2 Kansei analyzer.
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3. Factors of drones affecting human sensitivity

Evaluating the discrepancies in sensitivity indices (interest, like, concentration, stress, and calmness)
between actual and CG drones requires creating a CG representation based on the drones’ factors that
influence human sensitivity. This section explains the influencing factors based on previous studies.

The first factor is drone noise. Noise is an important contributor to stress caused by drones. Drone
noise contains a higher proportion of high-frequency components and pure tones than traffic or aircraft
noise in the environment [6]. Thus, drone noise is often perceived as more unpleasant than typical
environmental noise. In particular, the rapid modulation of sound caused by the propeller rotation has
been reported to intensify this discomfort.

The second factor is drone size. Larger drones are reported to have a stronger visual presence,
evoking a greater sense of intimidation and perceived danger [14]. Additionally, larger drones are
perceived to be closer in proximity compared to smaller ones, further amplifying psychological
stress [15].

The third factor is flight altitude. Drones flying at lower altitudes are associated with increased
concerns regarding noise, safety, and invasion of privacy [14].

The final factor is flight speed. Sudden changes in direction and high-speed flights have been
identified as stress-inducing factors. Specifically, as flight speed increases, it becomes more difficult for
observers to predict the trajectory of the drone, which increases the perceived risk of collision [6].

This study focused on a factor of these: drone noise, which is one of the most frequently reported
influential factors affecting human sensitivity. We make three types of CG which simulate flight of an
actual drone but have distinct noise levels each other. One type of CG has the same noise level as the
flight of the actual drone, and the other two have the smaller and larger noise levels. The sensitivity
indices of the participants are measured when the participants watch the flights of the CG and actual
drones separately. Then, the discrepancies in the sensitivity indices between the actual and CG drones
are analyzed for each noise level of CG.

4. Experimental method and setup

The experiments were conducted with the cooperation of individuals who did not have a deep
professional involvement with drones in the context of research or economic activities. Prior to
participation, the purpose and procedures of the experiment were thoroughly explained and informed
consent was obtained from all participants. This experiment was approved by the Ethics Committee of
the Safety and Welfare Committee, Graduate School of Engineering, Nagoya University (Approval
Number: 24-18). The participants were recruited through various means, including posting recruitment
posters at universities.

4-1 Experimental environment and drone flight path

The actual drone, DJI Mini 4 Pro, used in this experiment and the CG drone are shown in Figs.4 and
5, respectively. The experimental environment and flight path are shown in Figs.6 and 7, respectively.
The DJI Mini 4 Pro [16] is equipped with an omnidirectional vision system and 3D infrared sensing
system, enabling detection of obstacles in all directions while hovering or flying outdoors. It is also
equipped with an automatic return-to-home (RTH) function. The drone itself is a compact, foldable
model, weighing less than 249 g, with dimensions of 148x94x64 mm® (lengthxwidthxheight) when
folded (without propellers) and 298x373%101 mm® when unfolded (with propellers). The maximum
flight time was 34 min using the Intelligent Flight Battery and 45 min using Intelligent Flight Battery
Plus. The maximum noise level of the drone at its closest point to the participants (0.8 m in front of
them) was 70 dB.
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Sensitivity indices were measured over a 20 s period before and after the actual drone started its
flight or the CG drone video started playing. The actual drone takes off from the platform at a height of
0.4 m above the ground, ascending to a height of 1.2 m over a period of 5 s. It then approaches the
participant over a span of 15 s and stops 0.8 m in front of the participant. During this 20 s period, the
participants’ EEG data are measured using the Kansei analyzer. After the drone stops, the drone hovers
for 2 s at 0.8 m in front of the participant and then flies to the participant’s right side until it disappears
from view. The CG drone was created based on the specified dimensions, maximum noise level at the
closest point (0.8 m in front of the participant), and flight path of the actual drone.

Fig.5 CG drone.

Large screen

Fig.6 Experimental environment.

Screen(6.46 m X 3.74 m) Proicct
o rojector

3.74m

After 5s

% Flyable area After 20 s Net

1 i 7m 08 .
9.2m

Fig.7 Flight path.
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4-2 Experimental protocol

The experimental procedure is illustrated in Fig.8. Each participant was asked to view four types of
drones: actual, CG1l, CG2, and CG3. To ensure sufficient time for rest and administering the
questionnaires, an interval was inserted between each viewing session. The overall questionnaire
consisted of (i) a preliminary questionnaire addressing participant attributes (e.g., age, sex, prior
experience with drones, and living environment), (ii) an in-situ questionnaire evaluating the stress
experienced while viewing each drone (e.g., perceived risk of personal safety, noise, and visual impact),
and (iii) a post-experiment questionnaire asking participants to compare the actual drone with the three
CG drones, focusing on differences in appearance, noise, and sense of realism. The purpose of these
questionnaires was to identify factors other than the drones themselves that might influence the
participants’ sensitivity and to clarify potential areas for improving the experimental environment.
Furthermore, to account for order effects, the presentation order of the four drones was randomized.

The maximum noise levels in the flights of the actual and CG drones are shown in Table 1. The
sensitivity indices were measured during each flight of the CG drones with distinct noise levels and the
actual drone. Specifically, CG1 was a CG drone with a maximum noise level of 60 dB, which is 10 dB
lower than that of the actual drone; CG2 had a maximum noise level of 70 dB, identical to that of the
actual drone; and CG3 had a maximum noise level of 80 dB, 10 dB higher than that of the actual drone.
The sound for the CG drones was created by recording the flight sound of an actual drone and then
processing and editing it. Noise levels were measured according to the A-weighting characteristic [17],
which reflects the sensitivity of the human ear to sound, whereby lower sound levels and frequencies
are perceived as less intense by human listeners.

/Actual or CG1 or CG2 or CGS\

1. Explanation of the experiment
2. Kansei analyzer installation ‘
3. Pre-questionnaire Actual or CG1 or CG2 or CG3
4. Experiment IEG_—) ¥
5. Post-questionnaire Actual or CG1 or CG2 or CG3
6. Kansei analyzer removal ‘
7. Debriefing \Actual or CG1 or CG2 or C(y
Fig.8 Experimental flow.
Table 1 Experimental group.
Actual drone CG1 (Small) CG2 Medium) CG3 (Large)
70 60 70 80

5. Classification method for analysis results using statistical hypothesis testing
5-1 Preprocessing and definition

This section explains the analytical method using the sensitivity data measured by the Kansei
analyzer. This analysis is intended to evaluate the discrepancy between the actual drone and the CG
drones with distinct noise levels. Sensitivity indices measured for 20 s before and during the flights were
weighted based on the mean and standard deviation of each sensitivity index. Weighting was applied to
account for the varying difficulty of the sensitivity changes depending on the initial value. For example,
a change from 50% to 60% is relatively easy to achieve, whereas a change from 90% to 100% is
considerably more difficult. This difficulty was reflected in the data through weighting. Let @, denote the
sensitivity value at time ¢ [s], u the mean value, and ¢ the standard deviation. The weighting coefficient
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These weighting coefficients were determined empirically based on previous studies and experience.
The sensitivity measurements obtained from the Kansei analyzer are shown in Fig.9. The weighted

averages of the sensitivity values for the i-th participant during the 20 s before and after flight start (or
CG playback start) are expressed by

s wea
t=ty—20 Wt Qe

—_ 9
S @

t=ty—20 Wt

ai1 =

Ty, 6)

100

20 s before the start of Start of measurement
measurement (Start viewing)

/\/

20 s after the start of
measurement

Sensitivity value [%]

The average: a; 4 The average: @;

Time [s]

Fig.9 Sensitivity measurement using the Kansei analyzer.

respectively. Here, £, [s] denotes the time at which drone flight (or CG playback) begins. Using Eqgs. (2)

and (3), the sensitivity variation for the #-th participant when observing drone type j is expressed as
follows:

xi = di_z - al-yl (] = 0, 1,2, 3), (4)

where j=0, 1, 2, 3 represent actual, CG1l, CG2, and CG3 drones, respectively. Using Eq. (4), the

sensitivity discrepancy between the actual and each CG drone j for the i-th participant can be
expressed as

D/ =x] —x? (j=1,23). ®

This equation enables us to evaluate the discrepancies in sensitivity indices of each participant

regarding actual and CG drones. Using Eq. (5), the average sensitivity discrepancy between the actual
and each CG drone over participants was defined as

N
. 1 .
Diye = Nz D] (j=123). (6)
i=1
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In Eq. (6), if average sensitivity discrepancy Dj,. is close to zero, the CG type j is interpreted as having a
smaller discrepancy from the actual drone. Furthermore, by refining the CG drone so that the value of Eq.
(6) approaches zero, a simulator capable of appropriately assessing the sensitivity values can be developed.

5-2 Statistical hypothesis testing

We first explain basics of statistical hypothesis testing. In the statistical hypothesis testing, for
example, when an analyzer believes that a difference exists between the means of two populations, the
analyzer determines truth or falsehood from the samples from the two populations. In this process, the
analyzer first formulates a hypothesis stating the opposite of what to assert—namely, that “there is no
difference in the means.” If the probability of “no difference in the means” is low, the analyzer concludes
that “there is a difference in the means.” This probability is called the p-value. The threshold of the
probability is called the significance level and denoted by «. If the condition p <a holds, the analyzer
concludes that there is a significant difference between the means of the two populations. In this study, a
popular setting of the significance level, «=0.05, was adopted.

To examine the differences in the mean sensitivity variation values across different drone types,
analysis of variance (ANOVA) and multiple comparison tests were conducted. When a significant
difference is detected in ANOVA, Tukey’s honest significant difference (HSD) test is subsequently
performed as a multiple comparison test to identify the pairs of conditions that exhibit significant
differences. The following subsections outline the ANOVA and the Tukey’s HSD test.

For the analysis, we assume the following model:

X} = p+p+pl + e, @)

where u is the population mean, u+y; is the population mean for group #, u+x’ is the group mean with
respect to individual 7, and ¢/ is the observation noise which is the i.i.d. Gaussian random variable with
zero mean and some variance. In model (7), the two factors of the groups (CG1, CG2, CG3, and actual
drones) and the individuals are considered. Since sensibilities differ from person to person, it is natural
to assume the model incorporating the individual factor.

5-2-1 ANOVA

Although t-tests are commonly used to test the differences between the means of the two groups,
applying pairwise tests to more than two groups increases the overall significance level and leads to the
problem of multiplicity [18]. ANOVA is a statistical method used to analyze data in which the sample is
obtained under three or more conditions [19]. This method evaluates whether there are statistically
significant differences in mean values across all conditions.

This study employs ANOVA under model (7) to compare the means of the changes in sensitivity
indices elicited by the flights of four types of drones. In the ANOVA, the null hypothesis and the
alternative hypothesis are the followings:

« H: There are no statistically significant differences between all pairs of the mean sensitivity

variations for four drone types.

« H;: There is at least one pair of the mean sensitivity variations for four drone types that shows a

statistically significant difference.
Rejecting the null hypothesis supports the alternative hypothesis.

The procedure for the ANOVA is explained below. ANOVA under model (7) is based on the two-way
layout design in which factors are the groups and individuals with one measurement per condition.
Table 2 shows the definitions of the symbols which are used for explanation of the ANOVA. Here, %,
denotes the sample mean for group 7, ¥ denotes the sample mean for individual 7, # denotes the overall
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mean value, # denotes the sample size for any group, N denotes the total sample size for all data, and %
denotes the number of levels (number of groups). First, to perform the ANOVA, compute the sum of
squares, SS, degrees of freedom, df, and mean square MS for the group factor, individual factor, error,
and total. Then, F value with respect to the groups is computed as follows:

_ MSg

f =15 ®

Next, based on the group-factor degrees of freedom, df;, and the error degrees of freedom, df;, the
critical value F(df;, df;; o) is computed from the F distribution table. When the condition /> F(df;, df;; @)
holds, the probability of the sample occurring under the null hypothesis is less than «. In this case, the
null hypothesis is rejected, and it is concluded that there is significant difference between at least one of
all pairs. However, ANOVA cannot determine which specific groups differ significantly from one another.

Table 2 Elements required for two-way ANOVA computation.

Source SS daf MS
k-1 55
Group Z n(x; — x)? k-1 -—
; dfs
=0
N SS
Individual Z k(x/ — x)? n—1 221
- df;
j=1
k-1 n $s
i . 2
Error Z Z(xl] - X% —% +x) N—k—n+1 2°E
=0 i< dfe
i=0 j=1
Total SS;+SS+SS: N-1

5-2-2 Tukey’s HSD test

Tukey’s HSD is a multiple comparison test applied after ANOVA detects significant differences
between any pair of the groups [18]. This method was used to compare the mean values between each
pair of groups (the actual drone, CG1, CG2, and CG3) to determine whether the differences between the
pairs are statistically significant. Specifically, the test evaluates ,C, pairs with respect to the null
hypothesis H, and alternative hypothesis H;:

« H;: There is no statistically significant difference in the mean sensitivity variation between the

selected pairs of groups.

« H: There is a statistically significant difference in the mean sensitivity variation between the

selected pairs of groups.

If the ttests are performed repeatedly for all possible pairs, the multiplicity problem can arise,
increasing the risk of Type I errors (false positives). A key feature of Tukey’s HSD test is that it strictly
controls the significance level for each pairwise comparison, thereby reducing the risk of Type I error
caused by multiple comparisons.

The general procedure for Tukey’s HSD test is explained below. First, the standard error of the mean
differences between groups is computed as follows:

E— ZMSE. )
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Subsequently, based on the number of levels %, error degrees of freedom df;,, and significance level o,
the critical value @ (%, dfy; @) is obtained from the g¢-distribution table. This critical value is then used to
determine whether a significant difference exists between the selected pairs of groups. Specifically, the
test statistic £, for groups 7 and 7’ is computed as follows:
tiyr = lJClS—Exl,l (10)

The computed ¢; is then compared with the critical value Q(%, df;; o). If the condition V2t > Q(&, df;; o)
is satisfied, the null hypothesis is rejected, indicating a statistically significant difference between the
two groups.

In the right-hand side of Eq. (10), the only variables with respect to groups 7 and i’ are the sample
means ¥; and %,. Hence, equation (10) is rearranged to define the HSD value as

% —%| > Q(k df; = HSD. 11

SE
) 75
The HSD value serves as the critical value for determining the presence or absence of a significant
difference based on the difference between the mean values of the selected pair of groups. In comparing
the difference between the means of the two groups with the HSD value, if the condition in Eq. (11) is
satisfied, the null hypothesis is rejected, indicating that a statistically significant difference exists
between the selected pairs of groups. Once the HSD value is computed, determining significance
requires only a comparison of the group mean differences. Thus, Eq. (11) is more convenient than Eq.
10).

The mean difference between groups ¢ and ¢/, u;,—u;, is estimated by the sample mean difference
%,—%,. The confidence interval with the confidence level 1—a is given by

X;—x; —HSD <p, —p; <X —Xx; +HSD. 12)

From Eq. (12), we can observe that HSD represents the half width of the confidence interval.

6. Analysis results obtained from the Kansei analyzer

Appropriate evaluation of the effects of drones on sensitivity using the Kansei analyzer requires that
the influence of factors unrelated to drones be eliminated. As described in Section 3-2, the purpose of the
questionnaire was to identify non-drone factors affecting sensitivity and identify potential improvements
to the experimental environment. Therefore, the following discussion focuses on the results obtained
using the Kansei analyzer.

The experiment participants consisted of 28 individuals aged 19 to 29, including 20 males and 8
females. All participants were university or graduate students. Among the 28 participants, one was
involved with drones through research or economic activities. Since this experiment targeted individuals
with no prior involvement with drones, the data of the participant was excluded from data for the
statistical analysis. Consequently, we used data of the 27 participants.

The results of the ANOVA and Tukey’s HSD test for the average sensitivity variation values are shown
in Tables 3-9. Note that the results of Tukey’s HSD test are only provided for sensitivity indices for
which the two-way ANOVA detects the significant differences. The average discrepancy values in
interest, like, concentration, stress, and calmness indices for different noise levels are shown in Figs.11

(@-(e).
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Table 3 Results of ANOVA for interest.
Factor SSe MS; df; df; f p value Effect size Power
Drone type | 602.550 200.850 3 78 3.368 0.023 0.360 0.766
Table 4 Results of Tukey's HSD test for interest.
Contrast Gt SE HSD fhy p value
CG1 (S) - Actual drone -6.488 21 5.5 3.087 0.015
CG2 (M) - Actual drone -4.329 21 5.5 2.060 0.176
CG3 (L) - Actual drone -4.409 21 5.5 2.098 0.163
CG1 (9 -CG2 M) -2.160 21 5.5 -1.028 0.734
CG1 (S -CG3 () -2.079 2.1 5.5 -0.989 0.756
CG2 M) -CG3 (L) 0.081 2.1 5.5 0.0380 1.000
Table 5 Results of ANOVA for like.
Factor SSe MS; df; df; f p value Effect size Power
Drone type | 244.070 81.358 3 78 1.218 0.309 0.216 0.330
Table 6 Results of ANOVA for concentration.
Factor SSe MS; dfy df; f p value Effect size Power
Drone type | 690.380 230.130 3 78 1.614 0.193 0.249 0.428
Table 7 Results of ANOVA for stress.
Factor SSe MS; dfy, df; f p value Effect size Power
Drone type | 149.470 49.822 3 78 0.677 0.569 0.161 0.195
Table 8 Results of ANOVA for calmness.
Factor SSs MS; df; df; f p value Effect size Power
Drone type | 112.810 37.602 3 78 5.104 0.003 0.443 0.923
Table 9 Results of Tukey's HSD test for calmness.
Contrast X=X, SE HSD b p value
CG1 (S) - Actual drone 2.615 0.739 1.9 -3.539 0.004
CG2 (M) - Actual drone 2.295 0.739 1.9 -3.107 0.014
CG3 (L) - Actual drone 1.255 0.739 1.9 -1.698 0.331
CG1 (9 -CG2 (M) 0.319 0.739 1.9 0.432 0.973
CG1(S)-CG3 (L) 1.360 0.739 1.9 1.841 0.262
CG2 M) -CG3 (L) 1.040 0.739 1.9 1.408 0.498

7. Discussion on analysis results obtained from the Kansei analyzer

7-1

Discussion on like, concentration, and stress

No significant difference between any pair of the actual and CG drones was detected in the like,
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concentration, and stress indices. In other words, in these indices, there is no significant discrepancy
between the actual drone and each CG drone, and there is no significant difference between the CG
drones with distinct signal levels. At first glance from Figs.11 (b)-(d), there seem to be discrepancies in
the like, concentration, and stress indices between CG drones and real drones, and there seems to be
tendencies for changes in these sensitivities regarding noise levels. For example, stress seems to
increase as noise levels rise. However, the ANOVA results indicate that such apparent discrepancies or
tendencies might be due to chance.

We cannot conclude that there is no difference in the like, concentration, and stress indices between
the actual and CG drones from the ANOVA results. Rather, since all the actual and CG drones are
fundamentally different from each other, it is more natural to assume that sensitivity affected by each
drone differs. The lack of significant differences detected by ANOVA is likely due to insufficient sample
size. Increasing the sample size reduces the uncertainty of the mean and makes it easier to detect a
significant difference, in general.

We computed the sample sizes required for ANOVA to detect significant differences in like,
concentration, and stress indices. To this end, we used a software, G*Power of version 3.1 [20]. G*Power
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X | Drone Type 3 | P s & S IS N
='s CG1(S) =
83, «ccam) 03
837 -cea) 23,
c K
2 8 9> ]
o8 o<
sS4 o S-2 \\
oo £ © | Drone Type |
<3 p b CG1(S) E
©
60 70 80 80 70 80
Sound pressure [dB] Sound pressure [dB]
(a) Average interest discrepancy value. (b) Average like discrepancy value.
4
c— | Drone Type ! — | Drone Type
(<3 CG1(S 2| »CG1 ﬁf
B o, “CG2 . w o | °CG2(M)
53 CG3(L) @ S | *CG3(L)
S® S
8z i
c > >1
o ) o e e e e e e L L P SR (O T)
oS . oc
038 2 8 5
30 20 7123
o 3-2 B i e e
<® S )
60 70 80 60 70 80
Sound pressure [dB] Sound pressure [dB]
(c) Average concentration discrepancy value. (d) Average stress discrepancy value.
— O“““-
S 0.,
g5°
ES :
3z .
X
g %1 Drone Type
o5 CG1(S
Z9 | °CG2 wf)
o CG3(L)
O ______________________________________________________
60 70 80

Sound pressure [dB]
(e) Average calmness discrepancy value.

Fig.11 Results of average sensitivity discrepancy values for different noise levels. Red circles indicate conditions
showing statistically significant differences from the actual drone according to Tukey's HSD test (p <0.05).
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can compute the minimum sample size required to detect a statistically significant result while meeting
specified power and significance level in specified statistical analysis [21, 22]. The significance level,
power, and effect size must be specified to compute the minimum sample size. The significance level
and the effect size were set at the values obtained by the ANOVA for each sensitivity index. We set the
power at 0.8.

Table 10 shows the minimized sample sizes for like, concentration, and stress indices. It is evident
that detecting significant differences in the three indices would require participants considerably larger
than the 27 participants in the experiment of this study. Note that the numbers shown in Table 10
represent the sample size required to detect a significant difference for any pair of the drones. A larger
sample size is necessary to detect a significant difference for a specific pair of drones.

Table 10 Sample sizes required for ANOVA to detect significant differences in like, concentration, and stress indices.

Like Concentration Stress
65 50 110

7-2 Discussion on interest and calmness

Significant differences in interest and calmness were detected in the ANOVA, and the Tukey’s
method was used for the two indices. The Tukey’s test detected a significant difference in interest
between the CG1 and actual drones and significant differences in calmness between the CG1 and actual
drones and between the CG2 and actual drones. On the other hand, the Tukey’s test did not detect any
significant difference in interest and calmness indices between any pair of the CG drones. Therefore, no
significant changes in sensitivity attributable solely to noise level were observed for all indices examined
in this study.

The mean difference in interest between the actual and CG1 drones is -6.5. The mean differences in
calmness between the actual and CG1 drones and between the actual and CG2 drones are 2.6 and 2.3,
respectively. Since these differences are significant, it is strongly recommended to correct changes in
the sensitivity values due to the CG drone when changes in the sensitivity values are predicted from the
changes due to the CG drone. For example, let us consider a scenario where an experiment was
conducted showing only the CG2 drone to a student different from the participants in this experiment.
We know there is a discrepancy in interest between the actual and CG2 drones, and we can correct the
measured change in interest by 2.3 for predicting the change in interest due to the actual drone. Flying a
drone requires large open spaces and safety equipment, which adds to the burden of conducting
experiments. Being able to predict changes in sensitivity due to actual drone flight by using CG can help
reduce this experimental burden.

The Tukey test results show that the actual drone attracts participants’ interest and causes them to
lose participants’ calmness more than CG1. It also shows that the actual drone causes participants to
lose calmness more than CG2. It is natural for participants who usually see drones to be interested in
the drones, and to lose calmness when the drone approaches with loud noises. The Tukey test results
suggest that the magnitude of these changes in interest and calmness differs between the two CG
drones and the actual drone.

It is not unreasonable to assume that as interest of the participants increases, their attention and
arousal levels also rise, and their calmness decreases. The discrepancy between interest and calmness
observed in CG1 might be related to this connection between interest and calmness.

The significant difference in sensitivity between the CG and actual drones is presumed to arise from
differences in auditory and visual stimuli. Regarding visual perception, humans can perceive objects in
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three dimensions using their eyes. The CGs projected on the screen reproduced the actual drone’s size
and shape in two dimensions. They did not, however, reproduce the drone’s three-dimensionality.
Regarding auditory perception, humans can locate sound sources in three-dimensional space using their
ears. The sound of the drone reproduced in the CGs was set to increase in volume as it approaches.
However, the CGs did not accurately reproduce the sound of the drone to the extent that its position can
be discerned. This incompleteness in CG reproduction might have dulled changes in interest and
calmness.

8. Conclusion
8-1 Summary

In this study, we conducted an experiment to evaluate the sensitivity discrepancies between actual and
CG drones with varying noise levels. Three CG types were used: CG1 with low noise level, CG2 with
medium noise level, and CG3 with high noise level. Here, CG2’s noise level was equivalent to that of the
actual drone. 27 participants observed flights of the actual drone and the three CG types, and changes in
their sensitivity during each flight were measured by the Kansei analyzer. After processing the
measured sensitivities, Tukey’s test was used to examine the discrepancies in the sensitivities under the
significant level «=0.05. The results showed there was a discrepancy in calmness between the CG1 and
actual drones, and between the CG2 and actual drones. Additionally, there was a discrepancy in interest
between the CG1 and actual drones. These results suggest that improving the CG and experimental
environment is necessary to replace the actual drone with CG drones.

8-2 Future perspectives

The discrepancy between real and CG drones is thought to arise because they provide different
stimuli to participants. Many elements cannot be adequately reproduced in the current experimental
environment, such as the wind generated by the drone, vibration of the drone during approach, and
overall sense of presence. These issues represent important challenges for future research. Although
the audio source used for the CG drones was recorded from the actual sound of the approaching drone,
differences between the actual and CG drones can still be perceived based on static noise from the
speakers and sound reflections in the experimental space. To address this issue, further improvements
in sound quality, such as introducing spatial audio technology, are necessary to make the CG drone
sound more closely resemble the actual sound of the drone. With regard to the CG animation, its quality
must also be improved to better replicate the inherent vibration and dynamic motion unique to actual
drones. In addition, the use of two-dimensional CG animations may have fundamental limitations in
enhancing the sense of presence in experimental environments. Introducing vertical reality (VR)
goggles can significantly enhance the sense of presence and improve the representation of visual
factors, such as perceived danger and immersion, when the drone approaches. This would allow the
development of a simulator that more closely replicates the experience of observing an actual drone.
However, the introduction of VR goggles presents new challenges, including potential interference with
the Kansei analyzer, discomfort caused by wearing the goggles, and changes in the questionnaire
response process. These factors require a comprehensive revision of the experimental protocol.

This study addressed sensitivity caused by flight of the small drone. Significant discrepancies are
likely to occur unless the simulator quality is high in UAMs as well as the small drone. Resolving the
above issues and constructing a simulator for UAMs with significantly small discrepancies is a future
challenge. Utilizing such a simulator will enable accurate estimation of unconscious changes in
sensitivity during UAM flight. This will be useful when evaluating social acceptability of UAMs.
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Unmanned aircraft are increasingly deployed as next-generation mobility systems; however,
integrated risk assessment methods addressing both flight operations and occupational safety,
especially in operational contexts, remain insufficient. This study compares the operational risk
assessment method used for regulatory approval (SORA) with a safety risk assessment method
used in occupational safety. The comparison clarifies differences in scope and assessment items,
indicating that reliance on either method alone may overlook certain risks. Based on these findings,

an integrated risk assessment framework is proposed, in which SORA is applied first and its results
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are reflected in the occupational safety assessment in stages. This framework will improve the

efficiency of safety management of the operations.

Keywords: Risk assessment, UAV, SORA, Occupational Safety
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T — ZERENEIHIEIC K D EFEE UAV D
RPHHIBREENF 12— JICEEY BHR

fRIEFG A, &P AIE, R HOEA
W TERFERF B

A AN TO BHRARATO I RE & 7% 28GRI S 7z 2 E12tEv, KEREME L & To
JA P - R S B & ISR IERERAT AT B 2 EE 3 UAV OERAE EN TV 5. £
2T, HEHELOWRT IV — T TIZEERHEEE 60 [m/s] &£ LT, +—7 >V —AD ArduPilot
V274 ay ba— VY AT AOMEZED T D, LE LIZHBIRITO 7201213 %
BHNHEROMY) 22 F 2 — = ¥ FAEETDH 5% ArduPilot IZIEEEFH SN TV L F 2 —= v 7
TRRERE (L IRMEA NEOR T 2 D&, EERIT T A ATOETHPRETH L. 22T, 77—
& BREN RGO —FE T 5 VRFT (Virtual Reference Feedback Tuning) = H\W 72 #HF 2 — =
YT AR AR, MREL 2O TR TIRZOME T HET 5.

Keywords: [f52#Z M AMLZER, ArduPilot, 7 — 7 EREpFIGIMH, VRFT

Automatic Tuning of Attitude Controllers
for Fixed-Wing UAVs
Using Data-Driven Control

Yosuke Inagaki, Kazuaki Hatanaka, Mitsutomo Hirota
Graduate School of Muroran Institute of Technology

With the introduction of a new regulatory framework enabling beyond-visual-line-of-sight (BVLOS)
flights over populated areas, fixed-wing UAVs capable of long-distance flight are increasingly required
for extended, wide-area observation missions, such as in disaster zones. Consequently, our research
group is developing a flight control system based on the open-source software ArduPilot, targeting
a cruising speed of 60 m/s. Proper tuning of the attitude controller is crucial for stable autonomous
flight. However, the standard tuning assistance features in ArduPilot require a high level of operator
skill and are difficult to execute during high-speed flight. To address this issue, we developed and
verified a new tuning process using Virtual Reference Feedback Tuning (VRFT), a data-driven

control approach. This paper reports on the results of that process.

Keywords: Fixed-wing UAV, ArduPilot, Data-Driven Control, VRFT

1. Introduction

In Japan, a new regulatory framework for unmanned aircraft systems (UAVs) enabling Level 4 flights—
unmanned beyond visual line of sight (BVLOS) operations in populated areas—was enacted in December
2022. This development has accelerated the expansion of UAV applications. While VTOL rotorcraft are
commonly used in UAV applications, numerous scenarios require fixed-wing UAVs capable of high-
speed, long-distance flight. These include surveying disaster-stricken areas affected by earthquakes,
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volcanic activity, or forest fires, which are often extensive and require prolonged observation [1]. Our
research group is applying fluid-dynamic thrust vectoring (FTV) technology to fixed-wing UAVs. We are
advancing research aimed at achieving even higher fuel efficiency through reduced drag by decreasing
tail area [2]. This is expected to broaden the scope of fixed-wing UAV applications.

Considering these circumstances, we set the target cruise speed of small fixed-wing UAVs to a
relatively high range of 60-70 [m/s]. We are investigating a flight control system that enables safe
autonomous operation at this speed. This study focuses on ArduPilot [3], which is being developed as
open-source software.

ArduPilot incorporates three types of controllers designed to enable stable autonomous flight for a
wide variety of fixed-wing UAVs. However, these controllers require appropriate tuning to match the
characteristics of the specific aircraft. Tuning is typically performed by flying the aircraft and repeatedly
executing specific attitude changes. However, these maneuvers were originally designed for model
aircraft flying at low speeds of around 20-30 [m/s]. Completing the tuning process at the high speeds
targeted in this research is expected to be difficult.

This study focuses on the attitude PID controller, one of the controllers included in ArduPilot. The
first objective of this study is to identify the challenges in tuning this controller for high-speed fixed-wing
UAVs. The second is to propose a new tuning process using VRFT (Virtual Reference Feedback Tuning)
[4] to solve these problems. This paper reports the results of verifying the usefulness of the proposed
method through simulations using an engine-propeller aircraft with a cruise speed of approximately 25

[m/s].

2. ArduPilot

ArduPilot primarily achieves autonomous flight using the three controllers shown in Fig.1.
Specifically, these are: O the L1 controller [5], which calculates the target roll angle to follow the target
path; @ the TECS (Total Energy Control System) [6], which calculates the pitch attitude angle and
throttle to achieve the target altitude and target speed; and 3 the attitude PID controller [7], which
realizes the attitude calculated by the above controllers. To achieve stable flight, the PID controller must
be properly tuned to the aircraft dynamics.

@ TECS
@ L1 Controuer (Total Energy Control System)
Roll angle controller for Pitch angle and throttle
target path tracking controller for controlling
speed and altitude

v
@ Attitude PID Controller

PID controller for achieving
the required attitude angle

Fig.1 Overview of ArduPilot.

3. Attitude PID Controller [7][8]

Fig.2 shows a schematic diagram of the attitude PID controller.

The attitude PID controller is a cascade loop that obtains two feedback signals: the measured attitude
angle and the measured attitude angular velocity. The primary control targets are the roll and pitch
angular velocities, with a target range of +90 [deg/s] in this study.

Equations (1) through (14) show the structure of the roll angle controller primarily examined in this
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Target 'Rl':ggeet
Angle

limit o FLTT

| Measured Rate |

Measured Angle

Fig.2 Overview of attitude PID controller.

paper. The difference between the target roll angle calculated by the L1 controller and the measured roll
angle is obtained and differentiated to calculate the target angular velocity farget [deg/s]. To prevent the
target angular velocity from becoming excessive, it is filtered using a low-pass filter FLTT with cutoff
frequency f; [Hz], based on the difference with the target angular velocity farget,,,[deg/s] input to the
previous controller. Here, dt [s] is the time interval for controller processing, and target,[deg/s] is the
final demand angular velocity input to the feedforward controller.

FLTT = —dt
- dt + L Y
2nfr
target, += FLTT - (target — target;,s¢) ®)

In the feedforward controller, scaling is applied to correct for differences in aircraft response to
control surface input when there is a discrepancy between the set cruise speed and the actual airspeed.
Furthermore, since the airspeed obtained from sensors is equivalent airspeed (EAS), it is converted to
true airspeed (TAS) before calculation. This conversion variable is denoted as EAS2TAS in this paper.
Here, press [Pa] is the barometric pressure during flight, temp, [C] is the surface temperature, and
tempK [K] is the air temperature at the flight altitude. The standard atmospheric density at sea level is
1.225 [kg/m’], the gas constant is 287.26 [J/ (kg K)], and the temperature lapse rate is 0.0065 [K/m].

tempK = temp, — 0.0065 X Alt 3
1.225 x 287.26 X tempK
EAS2TAS = @
press

Using equations (2) and (4), the feedforward output FF,,, is given by equation (5). Here, Kj is the
feedforward gain, V,,,;, [m/s] is the setpoint cruise speed, and V, [m/s] is the airspeed.

Vcruise

FFout = Ksy - targety "TAS2TAS V. 7

®)
The angular velocity difference error between the desired angular velocity target, and the measured
angular velocity is input to the feedback controller through a low-pass filter FLTE with cutoff frequency
S« [Hz]. Here, error,, is the angular velocity difference input to the controller in the previous step, and
error, is the angular velocity difference ultimately input to the controller.
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21 fg

error;+= FLTE * (error — error,s) (7

In the proportional controller, the control output is calculated as in Equation (8). Here, K, is the
proportional gain, and P, is the control output of the proportional controller.

Pout = K, - errory ®)

In the integral controller, the control output is calculated as shown in Equations (9) and (10).
However, to prevent the output from becoming excessive due to the accumulation of error, clipping is
applied within an arbitrarily configurable range (—Kj;.x~K)yux). The function used for this is defined as
IMAX. Within this function, if the given control output Integrator is greater than K, it is clipped to
Ky, if it is less than —Kj,,,y, it is clipped to —K};,,x. Here, Integrator is the pre-processed provisional
integral control output, K; is the integral gain, Kj,,,, is the maximum value of the integral output, and I,
is the integral control output.

Integrator += (K; - errory) - dt )

Iout = IMAX(integ‘r‘atOT', _KIMAX' KIMAX) (10)

In the derivative controller, the control output is calculated as shown in Equations (11) to (14). The
derivative output is filtered by a low-pass filter FLTD with cutoff frequency f;, [Hz] to prevent excessive

output due to sudden target value changes. Here, derivative is the angular velocity derivative, derivative,
is the filtered derivative, K is the derivative gain, and D,,, is the derivative control output.

errory — errovigs:

derivative =
erivative i 11
FLTD = —dt
- dt + L (12)
21 fp
derivative;+= FLTD - (derivative — derivative;) 13)
Doyt = K * derivative, 14)

When the sum of the proportional output and derivative output (SRATE) exceeds a preset value (SMAX)

that can be arbitrarily configured, scaling as shown in Equation (15) is applied. Here, M,,,, is set to 1.5.
mod = SMAX/(SMAX + Mgain x (SRATE — SMAX)) (15)
Py X=mod (16)
Doy X= mod an

Each control gain is set by default as shown in Table 1. These values are configured to achieve stable
attitude control for a wide range of small fixed-wing aircraft. However, to obtain more appropriate
attitude control performance, tuning tailored to the aircraft’s characteristics is necessary.During the
tuning process of the PID Controller for attitude control, it is primarily necessary to modify the control
gains K, K,, K, and K, mentioned Table 1.
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Table 1 Default control gains.

Default K, value 0.08
Default K; value 0.15
Default K, value 0
Default K, value 0.345

However, finding the optimal values by manually adjusting them while flying the aircraft automatically

is nontrivial.

4. AutoTune [9]

ArduPilot includes a standard AutoTune feature to assist in tuning PID gains for attitude control.
When running AutoTune, the pilot must repeatedly perform maneuvers that involve flying the aircraft in
straight flight while abruptly changing its attitude. During this process, the aircraft operates in
AutoTune mode (which behaves similarly to Fly By Wire A mode), where stick inputs from the RC
transmitter control target attitude angles rather than control surface deflections. For example, moving
the roll stick fully left or right causes ArduPilot to attempt to achieve a predefined maximum roll angle
and target roll rate. During AutoTune, this action is repeated while internally varying the PID gains to
find the PID settings that achieve the target roll rate. This process is similar to the limit sensitivity
method proposed by J.G. Ziegler and N.B. Nichols [10], enabling proper tuning even when the dynamics
of the controlled system are unknown. Fig.3 shows this process in action. The horizontal axis represents
time [s]. The vertical axis of the upper graph shows roll angle, while the vertical axis of the lower graph
shows roll angular velocity. The blue line indicates the target roll angle, the red line the achieved roll
angle, the pink dotted line the target angular velocity, and the green line the achieved angular velocity.
The period from 17 [s] to 24 [s] represents the turning segment. Fig.3 shows that the roll angular
velocity gradually stabilizes toward the target value of 90 [deg/s].

O,

=301 —— Desired Roll Angle ~ —— Roll Angle

Roll Angle [deg]
o
17

200

100+

Roll Rate [deg/s]
(=]

—~100
—— Roll Rate --= =+ 90[deg/s]
0 5 10 15 20 25 30 35

Time [s]

Fig.3 Action of AutoTune.

While abrupt attitude changes need not be performed continuously, dozens of such changes are
required. To complete tuning for both roll and pitch within the limited flight time, it is desirable to
perform multiple consecutive abrupt attitude changes during straight flight segments.
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However, for the high-speed aircraft envisioned by the authors, performing this maneuver within the
visual range is difficult. Assuming a cruise speed of 60 [m/s] and a visually observable straight-line
distance of 400 [m], the visual range around the pilot is approximately 800 [m]. Considering that the
turn must be completed within this range, the distance available for stable straight-line flight is limited to
approximately 500 [m], allowing less than 10 [s] per pass for tuning. Therefore, when executing the
AutoTune function on a high-speed aircraft, the pilot must perform multiple consecutive abrupt attitude
changes across several round-trip straight flight segments while ensuring the aircraft remains within the
visual range. This places a significant burden on the pilot, and the tuning maneuver itself increase the
risk of a crash. In our previous work [11], we developed a Lua script [12] to automate the stick inputs
required for AutoTune. This script enables the aircraft to perform continuous attitude changes while
maintaining a straight flight path, significantly reducing the pilot’s workload and the risk of losing sight
of the aircraft. However, even with this automation, the fundamental issue of the long flight distance and
time required to complete the tuning process remains unresolved.

5. Virtual Reference Feedback Tuning (VRFT)

To address the above issues, we propose a novel tuning process utilizing VRFT, a type of data-driven
control. Data-driven control is a method that performs tuning using only a set of input-output data,
treating the controlled object as a black box, without requiring iterative experiments like the limit
sensitivity method. By newly constructing a process using this method, a significant reduction in
required time is expected. In tuning via data-driven control, we consider two systems: the actual system
with control gain p and the ideal system with ideal characteristics. Here, as shown in Fig.4, let the initial
input data obtained from preliminary experiments be u, and the initial output data be y,,.

>
(@]

& ref U Yo
) T C(p) Plant

> _

<

0

—+

D

3

)
S g ref Reference Ve
o o — Model ——
3~ T

Fig.4 Actual and ideal systems.

Here, the target value ref is identical for both systems. The goal is to match the actual system’s
characteristics to the ideal system by modifying the control gain. The reference model exhibiting the
ideal response can be arbitrarily chosen. In this study, we use the transfer function of a second-order lag
system with variables w, (natural frequency) and ¢ (damping coefficient), as shown in equation (18).

wh

T = 18
S2 4 20wps + w? 18)

In VRFT tuning, the two systems are connected as shown in Fig.5. Inputting the initial data y, into the
inverse transfer function 7' of the reference model generates a pseudo-input value 7' y, for the
reference model 7 to output y,. Inputting 7" , into the actual system yields a pseudo-reference signal
7, as shown in equation (19).
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This pseudo-reference signal is input to the controller C(p) to obtain the pseudo-control output u,.

Ty

¥ C(p) T —A-’ Plant

u,  Tuy

Inverse
Reference
Model

T—l

Fig.5 Block diagram of VRFT.

Since it is known from the initial experiment that the controlled system responds with y, to the control
output u,, tuning is complete when u, is made to approach u,, ensuring input-output matching for both
the reference model and the actual response. That is, tuning via VRFT reduces to an optimization
problem that minimizes the following evaluation function J, (p) with control gain p as a variable.

Jo(P) =l ug — C(P)(T 1y — ¥o) I? (20)

Strictly speaking, to avoid the improper calculation 7" y, that occurs during VRFT computation, a
prefilter is applied to the initial data #, and y,. Regarding prefilter design, it is generally recommended to
use the reference model T directly. Applying the prefilter to equation (20) ultimately yields an evaluation
function like equation (21).

J»(p) =l Tug — C(p) o — Tyo) II? 1

This study employs a randomized search method based on Monte Carlo simulation [13] to minimize
the evaluation function. Monte Carlo simulation is a method where, for a given mathematical expression,
multiple values within the variable’s domain are randomly generated, each calculation is performed, and
the results are processed to obtain an estimated value. The flowchart is shown in Fig.6.

Randomly Compare output
—| generate and actual

control gains measured values
]

Minimum error
and optimal gain
update

Fig.6 Flowchart of Monte Carlo Simulation.

Is the error
minimized?

In this study, tuning is performed by assigning a domain to each control gain and obtaining the output
of a controller that replicates ArduPilot. Using this method allows for relatively easy approximation of
solutions, even when the evaluation function includes complex equations like those in ArduPilot’s
attitude controller.
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6. VRFT for two-degree of freedom control system

As explained in the previous chapter, VRFT is designed for use in single-degree-of-freedom control
systems. However, as described in Chapter 3, the ArduPilot attitude controller is a two-degree-of-
freedom system. While data-driven control also includes the Estimated Response Iterative Tuning
(ERIT) [14] method for tuning feedforward controllers, this approach requires fixing the gain of the
feedback portion. Consequently, it necessitates a two-step tuning process, increasing the total time
required. Therefore, this study proposes a method to tune both controllers simultaneously by extending
the VRFT theory to a two-degree-of-freedom system. This approach aims to reduce tuning time and
simplify the process. A schematic diagram of VRFT extended to a two-degree-of-freedom system is
shown in Fig.7. Here, C,;;, denotes the PID controller and Cj denotes the feedforward controller.

CFF

CPID — Plant
— + Uy

T—l

Yo

Fig.7 VRFT in Two-Degree-Freedom Control System.

In this case, the objective function takes the form given by Equation (22).

Jo(P) =l ug = Cpip (T~ yo — ¥0) — Cer (T ) II? (22)

Furthermore, similar to VRFT for single-degree-of-freedom systems, applying a prefilter to the initial
data u,, y, ultimately yields an objective function of the form given by Equation (23).

Jo(p) =l Tug — Co;p (Yo — Tyo) — Crryo II? (23)

7. SITL (Software In The Loop) [15]

In this study, rather than deploying the developed process directly onto the actual hardware from the
outset, we perform simulations in an SITL (Software In The Loop) environment. After conducting
preliminary verification, we then proceed with experiments on the actual hardware. SITL is an
environment standardly integrated into ArduPilot, and its schematic is shown in Fig.8. In SITL
simulations, the flight controller and ground station can use the exact same firmware and parameters as
in actual flight tests. The information exchanged between the flight simulator and the hardware is
identical to that in actual flight tests. Therefore, if the aircraft is appropriately modeled in the simulator,
results obtained from SITL simulations are expected to closely resemble those from actual flight tests.

8. Method
8.1 Aircraft specifications and SITL overview

This research uses relatively low-speed aircraft for functional verification. After confirming its
usefulness, we will consider installing it on higher-speed aircraft in future work. The test aircraft is the
Kyosho Calmato a-40 SPORTS (Wingspan 1400 [mm], Weight 3.19 [kg], 2-stroke 0.40 in3 engine). The
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(B) Flight Controller, (A) Flight Simulator

Servo Outputs

GNSS
MU
Differential Pressure

Barometer
etc.

Flight Plan

Parameter
Flight Mode

(C) Ground Control Station

Fig.8 Overview of SITL.

flight simulator constituting the SITL utilized X-Plane 10. Flight simulations were conducted using a
model equivalent to the test aircraft [16]. Figure 9 shows the test aircraft model created within the flight
simulator.

Fig.9 Calmato in SITL.

Additionally, the flight test site, Shiraoi Gliding Field, was recreated using the included World Editor.
GNSS position data was also integrated to establish a simulation environment matching the actual flight
test. This enables sharing the target flight path between simulation and actual flight tests, allowing
flights verified in simulation to be directly executed in the actual flight test.

8.2 Design of the reference model

In VRFT tuning, it is crucial that the reference model is appropriately designed. Therefore, the
variables of the reference model are determined using Monte Carlo simulations based on angular
velocity input-output data obtained from prior research, which achieved angular velocities of +90
[deg/s]. Equation (18), representing the reference model used in this study, is shown again.

_ wn
C$2 4 20w,s + w?

(18)

As seen in Equation (18), the reference model has two variables. We assign ranges to these two
variables, generate 1000 random values for each, and find the pair of variables that minimizes the sum of
squared errors between the output angular velocity when the desired angular velocity is input to the
reference model and the actual measured angular velocity in the experiment. The ranges for each
variable are as shown in Table 2.
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Table 2 Range of variables in the reference model.

w, 0.01~50 [rad/s]

¢ 0.01~2.0

8.3 New process evaluation using VRFT

Simulations were performed using SITL with the default attitude control PID gains installed. Data
involving angular velocity changes was acquired by executing an automatic circular flight. The main
simulation conditions are shown in Table 3. The cutoff frequencies for the filters (f;, f3 f,) were
determined based on the results of a preliminary flight test using the AutoTune function on the actual
aircraft. The specific values obtained from the flight log were rounded to the nearest integer for
simplicity in the SITL simulation.

Table 3 Flight conditions.

Proportional Gain 0.08
Integral Gain 0.15
Derivative Gain 0
Feedforward Gain 0.345
Roll Rate Max 90[deg/s]
Integral Output Max 10[deg/s]
Cruise Speed 25[m/s]

fr 5[Hz]

e O[Hz]

o 10[Hz]

The aircraft is given a rectangular target path using the WayPoint navigation function standard on
ArduPilot. WayPoints have two parameters: coordinates and a radius at which the aircraft is considered
to have arrived. The aircraft flies along the target path, which is a straight line connecting each
WayPoint, as shown in Fig.10.

After the simulation completes, review the log data, select the turning section where angular velocity
response occurs, and extract the necessary data. The data to extract is as shown in Table 4. Input each
data point into the ArduPilot-replicated controller, obtain the controller output, and calculate the sum of
squared errors compared to the experimental values. Repeat this calculation 5000 times within the
control gain’s defined range. The combination yielding the smallest sum of squared errors is adopted as

Fig.10 Flight plan.
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the tuned gain. The defined ranges for each gain are as shown in Table 5. Perform SITL again with the
attitude control PID gains obtained via VRFT installed, and confirm that the target attitude angular
velocity (90 [deg/s]) is achieved.

Table 4 Required data. Table 5 Range of control gains.
time Time[s] Feedforward Gain 0.0~0.5
ref Target Rate [deg/s] Proportional Gain 0.01~0.1
o Measured Rate [deg/s] Integral Gain 0.01~0.1
FF, Feedforward Output Derivative Gain 0.0001~0.01
P, Proportional Output
I, Integral Output
D, Derivative Output
press Pressure [Pa]
alt Altitude [m]
v, Airspeed [m/s]
temp, Ground Temperature[C]

9. Results

First, it should be noted that the horizontal axis of all graphs shown in this section represents the
elapsed time from the start of the evaluation section [s].

Fig.11 shows a graph comparing the reference model’s angular velocity response with the
experimentally obtained angular velocity response. The blue line represents the target angular velocity,
the green dotted line shows the experimentally obtained angular velocity response, and the red line
indicates the reference model’s response. Furthermore, the final reference model variables were
determined as shown in Table 6.

Fig.12 through 15 show the outputs from each controller obtained via SITL simulation and VRFT
tuning. In each graph, the vertical axis represents the control output [deg/s]. The blue line indicates the
control output obtained experimentally, while the red line shows the control output calculated via VRFT
tuning. The closer these two lines align, the better the tuning result is considered.

0! 7—__.__‘ Table 6 Reference model variables.
=20 | w, 15.02 [rad/s]
~
o
ﬁ. _40 0.7673
5 !
%—60 ----- Measured Rate
o
—ye
—80 — ref

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Time[s]

Fig.11 Comparison of angular velocity responses.

The feedforward outputs are largely consistent before and after tuning, but the other outputs do not
match. Regarding the derivative output, since the default gain is 0, this error is considered inevitable
when tuning from the default settings. For the proportional output, the discrepancy is thought to arise
from the responsiveness of y, to the target angular velocity ref in the simulation. Fig.16 shows the blue
line as the target angular velocity ref [deg/s], the red line as the measured angular velocity y, [deg/s],
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the orange line as Ty, [deg/s], the green line as the control input in VRFT, i.e., the pseudo-reference
signal 7, (=y,—Ty,) [deg/s], and the purple line shows the angular velocity difference errorg,; input to
the controller in the simulation.
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Fig.12 Comparison of feedforward outputs. Fig.13 Comparison of proportional outputs.
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Fig.14 Comparison of integral outputs. Fig.15 Comparison of derivative outputs.
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Fig.16 Reference and measured roll rate.

From Fig.16, the reference angular velocity ref in the simulation changes abruptly at the start of the
turn and gradually approaches zero towards the end of the turn. However, y, does not exhibit such
abrupt changes as ref. Comparing errory;; and 7,, the time from when the error begins to be detected
until the error reaches its maximum is approximately 0.1 [s] later for #,. Conversely, both gradually
change towards the end of the turn. Consequently, even with the same gain, the tracking performance of
the control output obtained in the simulation changes between the turn initiation phase and the
subsequent phase. The Monte Carlo simulation used in this study is fundamentally a method for
obtaining approximate solutions. Therefore, it is considered that the error arises because the simulation
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cannot fully account for the difference in tracking performance between the first and second halves.
Additionally, the default gain being too large relative to the target angular velocity may have caused
excessive control output, preventing full rise and thus poor tracking. Regarding the integral output,
since this tuning only extracts a portion of the turn, error likely arises because elements that would
normally be accumulated from the start of flight are not considered.

Table 7 shows the default gains, gains obtained via AutoTune, and gains after tuning using VRFT.

Table 7 Comparison of gains.

K, K K Ky
Default 008 [015 |0 0.345
AutoTune | 0.052 | 0.052 | 0.0027 | 0.130
VRFT 0.023 | 0.058 | 0.0002 | 0.140

Table 7 shows that the control gains obtained via VRFT are significantly smaller than those obtained
via AutoTune, except for the feedforward gain and integral gain. This is likely due to the controller
developed here not fully replicating the intricate internal structure of ArduPilot, and the fact that values
calculated via Monte Carlo simulation are only approximate solutions. Furthermore, even using a PC,
the Monte Carlo simulation calculations took about 10 seconds, meaning that when installed on the
actual aircraft, it could impose a load on the flight controller and potentially affect the accuracy of the
autopilot.

Fig.17 shows the simulation results with the tuned gains installed. The vertical axis represents roll
angular velocity [deg/s]. The blue line indicates the target angular velocity, the yellow-green line shows
the roll angular velocity response with the default gains installed, the green line shows the response
with the AutoTune-derived gains installed, and the red line shows the response with the VRFT-derived
gains installed.

100
w
5 0
S,
2 &
& —100 —— VRFT
3 Default
4 \ —— AutoTune
—200 \/ — Target
00 02 04 06 038 1.0 1.2

Time [s]

Fig.17 Comparison of roll rate.

As seen in Fig.17, while the maximum value of the red line is slightly larger than the target roll rate of
+90 [deg/s], the fact that this state can be tuned to from the default state with a single attitude change
demonstrates the usefulness of this method.

Results from performing VRFT tuning again using data obtained with the gains from VRFT are shown
in Fig.18 through 21. The information represented by the horizontal and vertical axes and the lines is
the same as in Fig.12 through 15. In the second tuning, unlike the first, all outputs except the integral
output generally follow the target. This is likely because the initial tuning reduced the magnitude of each
control output, allowing them to keep up with the target. However, poor tracking due to differences in
the rate of change of the error quantity is evident, indicating further improvement is needed.
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Fig.21 Comparison of derivative outputs (2).

The results of the second tuning are shown in Table 8 and Fig.22. In Fig.22, the orange line
represents the roll angular velocity when using the gains obtained from the second VRFT.

Table 8 Comparison of gains (2).

K, K; K, Ky
Default 0.08 0.15 0 0.345
AutoTune 0.052 0.052 0.0027 | 0.130
VRFT (1) 0.023 0.058 0.0002 | 0.140
VRFT (2) 0.017 0.038 0.0001 | 0.119
100 /\
n
2 / \
L)
= A\ \ /
% 1~ —— VRFY
o —100 // —— Default
5 \\ —— AutoTune
o \ —— Target
-200 VRFT (2)
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Time [s]

Fig.22 Comparison of roll rate.

The results above show that during the second tuning, a gradual but noticeable tracking of the target
angular velocity was observed. Additionally, the minimum angular velocity appears to be approximately
—90 [deg/s]. This indicates that tuning is completed after two turns. However, compared to the angular
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velocity response when using gains obtained from AutoTune, the tracking performance relative to the
target angular velocity is poor, indicating a need for improvement.

10. Conclusion

This study aimed to resolve issues concerning the tuning of the attitude PID controller when adopting
ArduPilot as the flight controller for a high-speed small fixed-wing UAV. We proposed a novel tuning
process using VRFT and verified its effectiveness through simulations using an engine-propeller aircraft.
This method was shown to be highly useful, as it significantly reduces the pilot’s burden during tuning
of high-speed aircraft, eliminating the need for continuous abrupt attitude changes required by
conventional methods. Furthermore, since tuning can be completed in just two turns starting from the
default control gains, it suggests a substantial simplification of the tuning process compared to
ArduPilot’s standard AutoTune feature. However, challenges remain, including the lack of theoretical
justification for extending VRFT to two-degree-of-freedom systems, the requirement of several tens of
seconds to compute the Monte Carlo simulations themselves, and the need for improvement in the data
used during the tuning of the integral elements.
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