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Development of Wall Adhesion Drone and
Proposal of Its Utilization Method

Satoshi Hishida™!, Masanobu Oogaki™', Yasushi Hishida™', Masafumi Miwa*?,
Toshihiko Shimizu **
Hishida R&D Co., Ltd *!
Tokushima University **
Kobe City College of Technology **

The aging of engineers and labor shortages are the problems in high-place work such as infrastructure
inspections. The use of drones for inspection work is being considered, but it is difficult to perform work
such as hammering test by hovering. We have developed a wall adhesion drone with a universal vacuum
suction gripper (UVG) on the front of the aircraft. UVG is a vacuum sucker adsorb to uneven surface with
deformable skirt. We call this drone as UVG drone. This UVG drone can hold itself by adsorbing it on the
wall and stop the propeller, so stable and long operation is possible. Furthermore, in order to expand the
work range, we also developed a child machine with work equipment. The child machine is suspended from
the adsorbed UVG drone. UVG is also mounted on the child machine. We report that drilling work on

concrete wall with child machines was realized by this drone system.

Keywords: Wall adhesion drone, Universal vacuum suction gripper (UVG), Hammering test,
Infrastructure inspection
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Geometric-Parameter and Controller Optimization of
Hovering Multirotor Aircraft by Expanding
the Size of the Domain of Attraction

. e%1 *1
Kohei Yamaguchi®", Susumu Hara

Department of Aerospace Engineering, Graduate School of Engineering, Nagoya University *'

A multirotor aircraft is a rotorcraft with more than two rotors. Owing to its relatively simple mechanisms for
flight control, it has been widely used in various fields, such as aerial photography and disaster management.
To determine an optimal design for a multirotor aircraft, the geometric parameters and controllers are quasi-
simultaneously optimized. The domain of attraction, which defines the stable region around an equilibrium
point for a nonlinear system, was used as an objective function for optimization. By finding geometric
parameters and the controller that expands the size of the attraction domain, a multirotor aircraft can be
optimized. The visualization of the domains shows that the optimized aircraft can deal with a larger deviation

from an equilibrium point compared with the original aircraft.

Keywords: Multirotor aircraft, Domain of attraction, Optimal design, Nonlinear system

1. Introduction

Recently, multirotor aircrafts have been used in various fields, including aerial photography, disaster
management [1], package delivery services [2], and hobbies such as drone racing. In 2020, a drone wireless
relay system was demonstrated to provide a person facing a natural disaster with mobile phone access [3]. In

addition, multirotor aircraft provides a promising type of electric vertical takeoff and landing (eVTOL) aircraft
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for flying cars [4, 5]. As the importance of multirotor aircraft has been widely recognized, improving the
performance of the aircrafts with regard to the changes in the state variables has attracted considerable
attention in research. Increasing the number of rotors is an option for improving aircraft performance; a
hexarotor-type or an octorotor-type aircraft performs better than quadrotor-type aircrafts. When the number of
rotors is fixed, the performance of the multirotor aircraft can be improved by changing the geometric
parameters that define the length of the main arms, angle of the thrust relative to the fuselage, position of the
payload, etc. For example, by extending the length of the main arm, the control moment can be increased
without improving the performance of the rotor placed at the tip of the arm. However, methods for optimizing
such geometric parameters have not yet been sufficiently formulated.

This study focusses the development of a method to find an optimal design for multirotor aircrafts. The
optimality of a system is generally ensured by a change in the objective function that effectively defines the
performance of the system. Herein, the size of the domain of attraction (DOA) was used as the objective
function to evaluate the performance of a multirotor aircraft. The DOA is defined by a set of initial states that
converge to an equilibrium point of the system after infinite time. Therefore, DOA is a critical tool in stability
analysis because the size of the DOA shows how much the initial points can be far away from the equilibrium
point while the trajectories can still be converged. Because the DOA directly visualizes the safety margin of the
system, its size can be used to evaluate the performance of the system. In this study, the DOA size was used to
evaluate the performance of a multirotor aircraft from the viewpoints of both the structure and controller. By
searching for geometric parameters and controllers that maximize the size of the DOA, both the structure and
controller of the aircraft can be optimized. In addition, a multirotor aircraft that employs a variable collective-
pitch rotor system was assumed. Each rotor has a main motor to rotate the blades and servo motor to change
the collective pitch angle. Compared with multirotor aircraft having fixed-pitch rotors, the variable collective
pitch mechanism significantly increases the potential applications of this type of aircraft, as suggested in a
previous study [6]. Another study demonstrated an increase in the rate of change of thrust, a decrease in
control saturation, and the ability to quickly and efficiently reverse thrust [7]. The effectiveness of an aircraft
that employs a variable collective pitch rotor system was also shown [8]. By demonstrating the proposed

optimization method for a prospective multirotor aircraft, the effectiveness of the method was investigated.

2. Methodology
2-1 System optimization based on the size of the domain of attraction
The size of the DOA was used to optimize the geometric parameters and controller quasi-simultaneously. For

a system x= f(x, u; t), the definition of DOA R, is given by
Roz{yER:ifx:ythen}iln x(t) :xeq}, (1)

where x is the state vector, fis a nonlinear function, « is the input vector, R is real space, and x,, is the static
equilibrium point of the system. The DOA directly visualizes the safety margin and robustness of the system
around the equilibrium point. In addition, the size and shape of the DOA vary depending on the design of the
geometric parameters and controller. In other words, by choosing geometric parameters and a controller that
expands the size of the DOA, we can search for an optimal system from the perspectives of structure and
control. The simplest way to accurately investigate the shape of the DOA is to investigate the convergence of a

large number of initial states around the equilibrium point via numerical integration. To accelerate the
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calculation, we proposed and studied an indirect DOA size estimation method that estimates the radius of the
hypersphere inscribed by the DOA [9-11]. Figure 1 shows a sketch of the DOA and inscribed hypersphere.

Xi+1 DOA R,

N\ Inscribed
hypersphere

Equilibrium

AY
point

Trajectory diverges

Fig.1 Domain of attraction and inscribed hypersphere.

Instead of randomly distributing several initial states around the equilibrium point, a smaller number of states
is distributed on the surface of a hypersphere. The radius of the hypersphere is updated according to a root-
finding algorithm, such as the bisection or golden-section method, to determine the radius 7p0,. When all
trajectories converge to the equilibrium point after a given period, the radius increases. However, when at least
one trajectory diverges, the radius decreases. To use the indirect size estimation method, the number of states
distributed on the surface was carefully determined. Because the probability that an initial state exists inside
the DOA follows a binomial distribution, the probability that K initial values on the surface of the hypersphere
outside N are inside the DOA is given by yCxp*(1—p)" ¥ where p is the probability that a single state is inside
the DOA. When all the initial states are inside the DOA (K= N), more than p% of the surface is inside the DOA
with a confidence of 1—p". In other words, an arbitrary condition, defined by the combination of probability
and confidence, can be satisfied by changing the number of the initial state N. For example, 95% of the
probability and 99% of the confidence are yielded when N>90 is satisfied.

The estimation result should be conservative because the obtained size is the smallest distance between the
equilibrium point and edge of the DOA. As in Refs. [10] and [11], this method can yield a computational time
that enables the use of size as an objective function of the system optimization method. The geometric
parameters and parameters that define the controller are searched for such that the sphere radius 7, is
maximized. In practice, the optimization scheme is separated into two parts: the S-step and C-step. In the S-step,
the geometric parameters that maximize the radius 7po, are determined. In the C-step, the parameters that
define the performance of the controller are searched. The S- and C-steps are iteratively conducted, and quasi-
simultaneous optimization of the nonlinear system is performed. The SC iteration can be accelerated by
introducing a parallel computing technique and achieving a practical completion time for optimizing a triple-
inverted pendulum system[11].

2-2 Multirotor aircraft Model
Herein, a mathematical model for a multirotor aircraft was presented. As shown in Fig. 2, the body-fixed

coordinate system (x, ¥, 2,), which is fixed to the center of mass of the aircraft, and inertial system (x y z) are
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v z,

Fig.2 Coordinate systems for multirotor aircraft.

defined.

The rotors were alternated clockwise and anticlockwise. The position of the aircraft (x y z) and attitude
(¢ 0 ) are defined in the inertial system, and the velocity V= (# v w) and angular velocity w= (p q 7)
are defined in the body-fixed system. In addition, the angular velocity of each rotor Q,;(i=1, ---, n,) was
considered. The state variable was definedasx=(x y 2z ¢ 0 Y uw v w p q r Q- Qm)T. The equations of

motion for the multirotor aircraft are given by

. 1
V=-aV+CG+ %F (2)

w=-J'@Jw+] M, (3)

where @ is the skew matrix used to model the outer product, C}’* is a conversion matrix from inertial to body-
fixed systems, J is the inertia tensor of the aircraft, G= (0 0 1)" is a gravity vector in the inertial system, and F
and M are the vectors that represent the force and moment acting on the aircraft, respectively. To calculate the
force and moment on the aircraft, the blades of the rotor were discretized into small elements, and the inflow
velocities were calculated for each element. As inputs, the motor torque ¢,,; and collective pitch angle 0, were
considered as %= (¢,; *** g, 01 0,)". The angular velocity of the rotor is controlled by changing the torque
of the motor for each rotor as Q,= (Q,,,— ¢..;) /J.; *, where @, is the torque of the rotor, and J,; is the moment of
inertia of the rotor. Rotor torque @,,; is determined by the lift and drag acting on the blade element. The

nonlinear lift and drag coefficients are given by
Cla)=[1-0(a)](Cy+Ca)+o(a)2sin(a)S:cos o] (4)

<CLO+ CLaa>2

re AR +0(a) (2sin’a), (5)

Cila)=[1-0(a)l| Cy,+

where « is the angle of attack, o («) is the blending function, C,, is the lift coefficient at « =0°, C,,, is a
coefficient, S, is the area of an element, G, is the drag coefficient at a =0, ¢, is the Osward efficiency factor,
and AR is the aspect ratio of the blade. The angle of attack was calculated for each blade element to calculate
the lift and drag. The force F and moment M were calculated according to the position and angle of the rotor.
The moment of the i-th rotor is also modeled as M, = — (J,Q,n;+ J,Q,w X n;). For simplicity, the drag acting

on the arms and fuselage was assumed to be sufficiently small and ignored. The induced velocity for the rotor,



W5 RIS 1 ADIERIZ & B~ VT 10— & B 22t omy - flios#E b 15

v;=y/ T./21Sp is used for simplicity. The initial value of the induced velocity »; was calculated using simple
momentum theory. At every step of the numerical integration, the induced velocity was iteratively solved until it
converged to the given value.
2-3 Optimization problem settings for multirotor aircraft

The parameters for the S- and C-steps were defined; Fig. 3 shows the geometric parameters of the multirotor

aircraft.

Center of gravity

Fig.3 Geometric parameters for optimization.

The parameters, including the main arm length [, sub-arm length %;, and rotor mount angles 3; and y,, are
defined for every rotor as i =1, -, n.. To obtain a symmetric structure, these parameters are common for
rotors numbered odd (i=1, 3, 5, --) and even (1=2, 4, 6, ---); in addition, the distance between the fuselage
center and payload center d is used. In this study, the aforementioned continuous parameters were optimized
only in the S-step. Discontinuous parameters, such as the number of rotors and blades for one rotor, were
defined by the authors. The radius of the rotor is 0.15 m and the number of blades is two. The line densities of
the main and sub-arms are 0.1 kg/m. The moment of inertia of the rotor is J,=0.0017 kg m®. The mass of the
rotor, fuselage, and payload were 50, 200, and 300 g, respectively.

To stabilize the hovering aircraft, a linear quadratic regulator (LQR), optimized at the C-step, was employed.

The quadratic cost function J for the LQR is given by
J me(xTQ x+ u'Ru) dt (6)
0

Assuming Q and R are diagonal matrices, q; *** ¢, and 7, - 7, are optimized at the C-step. A linearized system
0x=A0x+B0wu, which is required to solve the Riccati equation, is obtained from the nonlinear equations of
motion as A=9f/0xl,-,.. .. and B=0f/oul,_,_ ,-,., where 0x=x— x., and 0u=u— u,,. The state variable and
input at the equilibrium points x,, and ., are searched for in a trim flight analysis. For hovering flight, for
example, rotation speed Q; and collective pitch angles 0;(i=1, ---, ,) that satisfy (x y 2) =0, (¢ 0 ¥)=0,
V=0, w =0, F,=F,=0,and M= 0 are searched.

The SC iteration in this study is defined as follows: at the S-step, the trim flight analysis is conducted for
every change in the geometric parameters; the inertia tensor was indirectly optimized using the S-step. At the
C-step, trim analysis was conducted only once at the beginning of the optimization search. These problems are
summarized in Table 1.

Therefore, the problem addressed here is much more complicated than in the authors’ previous work [10, 11].

The nonlinear equations of motion that define the motion of the aircraft have 12 degrees of freedom; thus, by
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Table 1 Optimization problem settings.

Objective function Step Constraints

03<1,<10m
-0.2<1h;<02m
S-step —45°< B3, <45°
Maximize: 7pop —45° <y, <45°
-0.5<d<05m

0=¢,<500

Cstep 0<7,<500

changing the geometric parameters, the nonlinear effect can be enhanced. In addition, the iterative calculation
scheme can be unstable for infeasible values of state variables. In the authors’ previous work [12], the
aerodynamic force model was simplified by solving the induced velocity using simple momentum theory to
address the problem. In this study, we employed Monte Carlo-based optimization for the SC iteration. By
investigating the size of the DOA for the stochastically generated set of geometric parameters and matrices for

the LQR, each DOA estimation step becomes independent of the other steps.

3. Optimization Example: Hexarotor Aircraft (n,=6) case

A multirotor aircraft optimized using the proposed method is presented here. As an example, the hexarotor
aircraft (#,=6) in hovering flight (x.,=0) was optimized. In this example, the number of SC iterations was set
to 1, and the number of samples for the Monte Carlo method to estimate the DOA size was 300. The radius of
the hypersphere was updated according to the bisection method. The convergence of a state variable was
investigated to determine whether the state variable was smaller than a given threshold value after 10 s of
simulation time. The original and optimized structures are summarized in Fig. 4.

As shown in Fig. 4(a), the geometric parameters of the original hexarotor aircraft are #,=0.15 m, ;= 0.5 m,
B:;=y;=0°(i=1, -, n,), and d=0.2. In addition, the initial matrices used to define LQR performance are Q =
diag {1} and R=diag {1} . The DOA size of the initial hexarotor aircraft was 7,0, = 0.0316. As shown in Fig. 4 (b),
the parameters optimized at the S-step are /,35=0.396 m, l,,5=0.794 m, h,55= —0.0969 m, %, = — 0.00622 m,
V135=19.8°, Vou6= —0.614°, B,355=35.1°, By45=15.5°, and d=0.248 m. The optimized matrices are Q =
diag {6.04 21.8 102 46.2 128 174 14.6 55.9 274 7.40 45.1 3.79} and R =diag {109 0.0123 14.2 6.46 262 145 134 130
98.2 260 489 340} . The size of the DOA was 7,0, = 0.0887, which is approximately three times larger than the
original value. By conducting a DOA-based optimization, a hexarotor aircraft that can deal with a larger
deviation from the equilibrium point was obtained. As a result of the change in #;, all rotors are inverted. By
changing the rotor angles, 3; and y;, the lift generated by each rotor was also changed. In other words, the lift
generated by the aircraft projection on the xy-plane was larger than that of the original hexarotor aircraft.
Because the lift of the rotor can be used to generate the yaw moment, the optimized hexarotor aircraft can
handle a larger deviation from the equilibrium point. These results also show that the even numbered main
arms are approximately twice as long as the odd arms. The angles f3; and y; of the even numbered arms are
larger than those of the odd numbered arms. Because the length of the odd numbered arms is longer than that
of the even numbered arms, a larger control moment can be generated with smaller angles 3; and ;.

To evaluate the obtained geometric parameters and matrices Q and R, the DOAs of the two hexarotor-type
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Fig.4 Comparison of the geometric parameter optimization results for the hexarotor-type aircraft.

aircrafts are shown in Fig. 5. To investigate the performance of the aircraft with regard to the deviations in the
variables accounting for the attitude, (¢ 0 %) are chosen as the axes. Several initial states are generated by
randomly changing the variables ¢, 0, ¥, p, q, 7, and the convergence of the initial states is investigated by
integrating the equations of motion (Egs. (2) and (3)). The colors of the markers indicate the time required
for convergence. The red markers depict the initial states that cannot converge to the equilibrium point within
10 s. For visibility, the range of the ¢-axis was set to [ —0.1 0]. As shown in Fig. 5, in the vicinity of the
equilibrium point, the initial states converged in a shorter time. As the initial states move away from the
equilibrium point, the convergence time tends to be longer. One can see that the size of the optimized aircraft
in Fig. 5(b) is larger than that of the original aircraft in Fig. 5(a). Moreover, the convergence time of the
original hexarotor-type aircraft tended to be longer than that of the optimized aircraft. Therefore, the proposed
method works successfully, and the aircraft improves its performance with regard to the deviations from the

equilibrium point.
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Fig.5 Visualization of the DOAs for hexarotor-type aircraft.

4. Conclusions

In this study, a method for optimizing a multirotor aircraft based on the size of the attraction domain was
proposed and studied. Using the fast domain of the attraction size estimation technique, both the geometric
parameters and parameters of the controller that expand the size of the domain were searched. By applying the
proposed optimization method, named S- and C-steps, a hexarotor-type aircraft that can deal with a larger
deviation from an equilibrium point compared with the original aircraft was obtained.

In addition, the proposed method can be efficient in optimizing multirotor aircraft in the forward-flight state.
The reduction of the head-up pitching moment that limits the cruise speed of a multirotor aircraft can be

achieved by optimizing the geometric and control parameters. Although the optimization will be useful for
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various eVTOL aircrafts, the aerodynamic interaction between the rotors should be modeled. The authors will

continue to improve the proposed method in future studies.

Received: January 13, 2023
Accepted: March 6, 2023

References

(1]

(2]
(3]
(4]
(5]
(6]
(7]

(8]
(9]

[10]

[11]

[12]

Mantovani, J., Cavalhieri, C. P, Carou, C. B. and Gramani, M. F. : “Multirotor UAV as a natural disaster monitoring tool in
Brazil,” Proceedings of EGU General Assembly 2019, Vienna, Austria, p. 11431, 2019.

Amazon Prime-Air website, https://www.aboutamazon.com/news/tag/prime-air, accessed on Jan. 9, 2023.

SoftBank News, https://www.softbank.jp/en/sbnews/entry/20200914_01, accessed on Feb. 10, 2023.

Ehang official website, https://www.ehang.com/index.html, accessed on Jan. 9, 2023.

Volocopter official website, https://www.volocopter.com, accessed on Jan. 9, 2023.

Borenstein, J. : “The HoverBot— An electrically powered flying robot,” 1992.

Cutler, M., Ure, N. K., Michini, B. and How, J. P. : “Comparison of fixed and variable pitch actuators for agile quadrotors,”
Proceedings of AIAA Guidance, Navigation, and Control Conference, 2011.

Tadokoro, S. : Disaster Robotics, Chapter 3, Springer, Cham, 2019.

Horibe, T., Zhou, B., Hara, S. and Tsubakino, D. : “Quantitative measure for nonlinear unstable systems based on the region
of attraction and its application to designing parameter optimization inverted pendulum example,” Advanced Robotics, Vol.
32, No. &, pp. 399-410, 2018.

Yamaguchi, K. and Hara, S. : “On geometric parameter optimization method for quad tilt-wing UAV based on indirect size
estimation of domain of attraction,” IEEE Access, Vol. 10, pp. 1678-1687, 2021.

Yamaguchi, K. and Hara, S. : “Quasi-simultaneous optimization of geometric parameters and controller for non-linear
systems using indirect size estimation of domain of attraction,”Proceedings of SICE Annual Conference, Kumamoto, Japan,
Sept. 5, 2022.

Yamaguchi, K. and Hara, S. : “Quasi-simultaneous optimization of geometric parameters and controller for spacecraft and
aircraft via size expansion of the domain of attraction,” Proceedings of The 59th Japan Society for Aeronautical and Space

Science Chubu Kansai Joint Conference, online, Nov. 19, 2022,

Susumu Hara

SUSUMU HARA received the B.S., M.S.,
and Ph.D. degrees from Keio University,
Kyoto University, Kyoto, Japan, in 2017. Japan, in 1992, 1994, and 1996, respectively.
From 2017 to 2018, he was a Research In 2000, he joined the faculty of Toyota
Assistant Professor with the Department Technological Institute, Nagoya, Japan. In

Kohei Yamaguchi
KOHEI YAMAGUCHI received Ph.D.

degree in electrical engineering from

of Aerospace Engineering, Nagoya University. Since then, he 2008, he joined the faculty of Nagoya University, Nagoya,

has been an Assistant Professor with the Department of Japan, where he is currently a Professor with the Department

Aerospace Engineering, Nagoya University. of Aerospace Engineering.

E-mail: kohei.yamaguchi@mae.nagoya-u.ac.jp



20 Technical Journal of Advanced Mobility, Vol. 4, No. 4 (2023)

SHBEICH T2 rFO—2> U E— METOBSER
(ConOps) DIBE LM SFREBBADMH

feaAR —* g B R BT OROR B, HA H—
WITRFARE Y 3 vy ¥ —*
MREET A7 14 7474 (ITID) **

RO RSB T o A Ze L

ADSLH AL LWL READT 7 A% WL T 5 FO— 2 ) E— MUK Z DY AT 2 ZHER
T UREM OB LRI L > TIRWHBRTOTRRESEHEIN TS, A7 OEWERTOEA
DRI & 7% BB SR SCERDER 2 B & L 72FERLIR 2 ORI B W THEY AT A L D157k
PR E BIRTLEDND Do FRNLZE %2R (EASA) Tl Specific 7 7 TV IZHBESINLRITI v ¥ 3
YD) A7 FHITFEO R EFIZB W TSR (Concept of Operations: LL T ConOps) DFEIRATKD 5
NTwb, FOETDH 2022 SEDYIEMEFORATIC & Y —EOHIERRI AR SN/—F T, FHAritt
KRHRTT ORI DOFERIZ O W TIIBFE R TILEHZF ORI NS TR SN TEB Y 455 % FHI TR
L7V, REFFETIE, ELKEICBI2HEE N - OGBS EY 7 — AL LY AT LAAL V=

7 ¥ ZIZH D7z ConOps DRESE % 5 A 5 L [AIFFIC 2 O A FEEICB W TRET TR EBSMREEE,
FiffriEE B, FEMGEE B OB 2 FEhi L 72. ConOps DN A NI A4 UHPFEHT L2 Lid, LE
&% P E:, - CRABE, MR SOV TETEL AT - ANV Y - L OEERE®
B 7O AHRMTELRY Fu— ) E— MEROMRFERIIHRKT 250 TH S,

Keywords: BT, ConOps, HFG, Fo— 1) E— My, #haEEERE

Construct a Concept of Operations (ConOps) and
Identify Social Implementation Issues for Use of
Drone-based Remote Technology in Firefighting

Hajime Sasaki*'!, Takeru Kayano*?, Yoshihiro Teramura*®, Osamu Akimoto™®, Shinji Suzuki**
Institute for Future Initiatives, The University of Tokyo ™'
ITID, Ltd.*?
School of Engineering, The University of Tokyo **

The rapid development of elementary technologies for drone-based remote technology, allowing access to
environments that are difficult for humans to enter, has opened the door to a wide range of potential
applications. The practical use of drones for disaster prevention and monitoring in high-risk environments
needs to be fully harmonized with societal systems at the design stage. The European Aviation Safety Agency
(EASA) requires the submission of a Concept of Operations (ConOps) at the beginning of the Specific
Operation Risk Assessment (SORA) process for flight missions in Specific category. Japan is also required
to submit a revised aviation risk assessment plan by 2022. While a certain institutional design has been
established in Japan with the implementation of the revised Civil Aviation Law in 2022, the submission of
concepts for both technical and social aspects is currently left to the individual response of operators. In

Japan, the construction of ConOps in drone-based remote technology is limited in terms of methods and
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items, and examples are also limited. In this study, we attempted to construct ConOps based on the systems
engineering using the case of firefighting support by multiple drones in an urban building fire. At the same
time, we extracted items for conceptual study, technical verification, and business verification that should be
considered in social implementation. The realization of these guidelines will facilitate the process of
consensus building between operators and stakeholders on the necessary technical requirements, service
requirements and social constraints. It will contribute to the social implementation of drone-based remote

drone technology.

Keywords: Concept of operations, ConOps, Firefighting, Drone-based remote,
Social implementation issues
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