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2 3

’

Tsubasa Toguchi*!, Susumu Hara®’, Hiromitsu Kawazoe*
Kazuaki Ito™*, Satoshi Kikuchi**, Satoshi Ito™*
Faculty of Engineering, Gifu University, THERS ™'
Department of Aerospace Engineering, Graduate School of Engineering, Nagoya University, THERS **
Tottori University **

Department of Mechanical Engineering, Faculty of Engineering, Gifu University, THERS**

In the education of the Department of Mechanical and Aeronautical Engineering, experience-based
education programs seem to be emphasized to understand the relationship between various conventional
theories and actual phenomena. They are rarely associated with a single theory alone, but can often be
related to the integration of multiple theories. Therefore, we have classes at both Nagoya and Gifu
Universities, respectively focusing on the design, production, and evaluation of flying robots or autonomous
gliders. In the previous report, the educational impact of the collaborative efforts between these two
universities was discussed, especially the educational effects on the first joint competition held in September
2021. In this paper, we report the changes introduced in the second joint competition held in September 2022
and examine the improvement effects of the joint competition based on the results of the actual competition
and the participating students’ surveys. It was confirmed that the competition records significantly improved

compared to the previous event, and students’ motivations have continued to improve.

Keywords: coordinated action of multiple universities, joint competition, experience-based learning,
flying robot, mechanical and aerospace engineering education
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Model-Based Risk Analysis for Multi-UAV Operation:
A Case Study of Firefighting Support Using
Formation Flight

Hajime Sasaki®', Marika Yamazaki**, Shinji Suzuki™"
Institute for Future Initiatives, The University of Tokyo ™!
DENTSU SOKEN, Inc.**

Small unmanned aerial vehicles (UAVs, drones), which are expected to be utilized in various fields around
the world, require appropriate risk assessment. Nevertheless, UAVs tend to have unique missions and
functional requirements, and conventional risk assessment methods cannot easily perform flexible analysis
and verification. In this study, we conducted a model-based risk analysis based on a Concept of Operations
(ConOps) formulation from systems engineering perspective. We used the case of firefighting support from
multiple drones in a building fire scene. We confirmed the validity of the reliability analysis for system of
systems even without physical connections, such as formation flights. We found that it is essential to
understand risk from the perspectives of the aircraft and the entire system by integrating related components.
We also argued that the systems engineering perspective represented by ConOps is essential for discussing
appropriate risk assessment in a system such as a UAV, which is expected to be equipped with diverse

modes of operation and new technologies.

Keywords: Systems engineering, Model-based risk analysis, UAVs, Drones, Concept of operations

1. Introduction

There is a wide range of possible applications for small uncrewed (or unmanned) aerial vehicles (also known
as “drones”), such as for inspection, agriculture, construction, and photography. In Japan, the scope of drone
utilization will be expanded through the realization of unassisted beyond-visual-line-of-sight flights in uncrewed
areas (i.e., Level 4 flight). Given the intensification of disasters in recent years, the use of drones in special
operations during disasters is expected to greatly strengthen the resilience of infrastructure facilities.

The utilization of drones in disaster countermeasures is expected to meet with high social acceptance
because their benefits and importance are easy to communicate to citizens. The use of drones in disaster
countermeasures is a scene that may result in the social implementation of drones in other areas. In a survey of
North American citizens, firefighting and rescue were the most supported areas of drone use for
conservation[1]. In a survey of Japanese firefighters, 98% of the respondents (84 people) responded that the
use of drones during command activities is effective in the early stages of a fire[2]. The Ministry of Land,
Infrastructure, Transport and Tourism in Japan has long indicated the need for uncrewed aerial vehicles and
the need for real-time information transmission as an initial response to large-scale natural disasters[3]. In the
United States, about 20 drones are used for firefighting in Oregon, California, Colorado, and other states.,
where forest fires are common, and the number of drones is increasing due to the recent development of the
federal Wildfire Management Technology Act[4]. In Europe, there are examples of the use of a system (called
Fotokite Sigma) that supports first responders to the scene of a fire with information from the sky through fully
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autonomous drone control. In Japan, 27% of firefighting headquarters own drones, and 69% of these have a
track record of actual utilization (as of June 2019) [5].
1-1 Challenges in risk assessment of implementing drones for services

Drone usage involves elements of high uncertainty, such as gusts, aircraft conditions, probability of collision
with static and dynamic objects, etc., and risk assessment is essential to undertake a safe flight. Under the Civil
Aeronautics Act in Japan, there is a growing awareness that the airworthiness of drones should be as safe as
commercial transport aircrafts but at the same time, it is unrealistic to apply the standard developed for
commercial transport aircraft as is, given its nature. The safety standards for airworthiness certification of
commercial transport aircraft include airframes, engines, propellers, and other items, emphasizing the safety of
passengers. On the other hand, drones are required to have a wider range of safety aspects compared to
commercial transport aircraft, such as not harming people on the ground or other flying objects in the air. From
this perspective, the U.S. Federal Aviation Administration and the European Union Aviation Safety Agency have
established their own safety standards for drones. In particular, the latter adopts a flexible operational posture
based on category criteria according to aircraft and operational risk[6]. However, risk assessment technology
for the safety and reliability assurance of drones is still under development. Related laws and regulations are
also in a transitional period. Because of such circumstances, drone manufacturers and operators still have
difficulties observing successful experiences of drone operational risks, benefits, and values to study.

Traditional risk analyses (e.g., FHA, FMEA) as well as safety and reliability assessments were often taken
based on manual work such as using documentations and spreadsheets, for each piece of aircraft and
component. If it is a document-based risk assessment, people must redo analyses from scratch for each
different operation.

Due to the complexity of drone operations especially for disaster relief usage, it makes it difficult to
accomplish necessary risk assessments. Safety criteria and metric may vary in accordance with operational
scenario and background conditions. Drones require various risk analyses, depending on the combination of
components for each situation. In addition, drones are eager to adopt new technology for better performance so
risk analyses must be updated whenever the system is upgraded not only for operational risk mitigation, but
also for the certification of aircraft conformity. The problem is conducting risk assessments for drones with
various operational scenarios increase development term and cost. At the end, the price of a drone becomes
very expensive. It is undesirable for society to implement drone technology. Now, people require more efficient
risk assessments and analyses technology that is suitable for drones due to the diverse operational scenarios
and functions of drones.

In this research, an attempt is made to develop a new technology which makes achievable and reasonable
risk assessments necessary for drones’ development even though their intended operations are complex. This
paper shows the risk assessment technology for complex operation drones using model-based systems
engineering methodologies.

As a supplemental information, classical document-based risk assessments are still often conducted for
airworthiness certifications these days. Due to its workload, most of the cases, people identify highest critical
condition of operations and then conduct multiple risk assessments methods, referred by aircraft development
standards, for only such critical condition. The logic is if the highest risk is mitigated, other conditions must
also satisfy its safety. This logic is acceptable and reasonable only if operation conditions are simple and

standardized like commercial transport aircrafts these days. This is different for drones as described in
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previous section. Agile development and operation is required for drones, which are expected to operate
flexibly on a single aircraft, and risk analysis must be agile as well. The risk analysis needs to be agile as well.
However, no risk assessment method has yet been proposed to achieve this.

Instead of limiting operational conditions to simplify analyses, new technology of model-based risk
assessments enables to define multiple operational conditions in model settings, and to conduct various
analyses and generate results automatically for different settings by changing settings.

1-2 Model-based risk analysis

Model-based risk analysis constructs a system model first with considerations of operational environments,
drone configurations and its safety goals. This is expected to enable advance multifaceted and multi-analytical
assessments of the required reliability that is associated with changes in operations conditions and safety goals.

For example, the operation of formation flights using multiple drones is expected to be used in the event of a
disaster and its relief purpose. It is said that redundancy is an essential advantage of a multi-robot system
composed of multiple robots. Likewise, efficient operation is possible by collecting data using camera
photography with multiple drones. However multi-drone system (formation flights operation condition) risk
assessment is more difficult compared to single drone flight operation. With model-based risk assessments, it
is easier to perform analyses because it can be viewed as a single system as system of systems by applying
replicating single drone model and building multi-drone systems. This is another benefit of using model-based
technology. The purpose of this study is to attempt to develop a feasible and rational method for risk
assessment for drone development, even if the intended operation is complex. In addition, we performed a risk
assessment technique for drones that perform complex operations using model-based systems engineering
methods. Model-based risk assessment can immediately respond to changes in configuration values by
building models, and we will apply this method to a drone system based on formation flight to verify its

significance.

2. Methods
The significance of model-based risk assessment as a risk evaluation method using multiple drones is

discussed from the perspectives of design reliability and operational criticality. For risk assessment in design,
Risk Priority Number (RPN) is used to quantify potential failure causes. RPN is one of the metrics used in the
risk evaluation tool FMEA (Failure Mode and Effects Analysis). The focus is on quantifying operational
reliability using Mean Time To Failure (MTTF), which denotes the average time from when a product starts
operating to its first failure. It's a metric used to assess the reliability of products or systems. A comparison was
made between evaluations based on individual drones and evaluations of the entire system. To calculate these
values, the model-based Reliability, Availability, Maintainability, and Safety (RAMS) simulation MADe®© was
used. The MADe© complies with the Society of Automotive Engineers ARP4761/4754(7, 8]. The procedure for
constructing a model in MADe© is as follows.

Stepl: Defining functional concept.

Step2: Defining basic required functions.

Step3: Hazard definition

Step4: Setting mission profiles and environmental conditions.

Step5: Creating a function block diagram and interrelationships.

Step6: Calculation of criticality (MTTF) and reliability (RPN) for each component.
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A ConOps was formulated for the societal implementation of fire support drones, and environmental
parameters to be input into the model-based risk assessment through a systems engineering approach were
assumed[9]. To grasp the basic flight conditions of the drone, factors such as context, mission profiles,
temperature, and dust that affect the performance of the drone were considered. Modeling for risk analysis
assuming actual operation was conducted. The purpose of this study is to demonstrate the significance of
model-based risk assessment, which allows for flexible risk analysis by constructing a model. Some of the set
values use provisional values discussed in the ConOps as assumptions. Below, an overview of the procedures is
presented for each.

2-2 Step1: Defining functional concept

In this study, three rotary-wing drones equipped with a 360° camera and Light Detection and Ranging
(LiDAR) were used to construct a real-time 3D model of a fire situation inside a high-rise building. It is
assumed that there is an operational configuration of one master drone and two follower drones, with formation

flight operation in mind (Fig.1).

Operator
[y
zm:}:g Control Signal
Condition Formation Signal
A4
Drone
(Master)
Position Position
Altitude Altitude
Condition Condition
Target Paosition - Target Position *
Target Altitude Target Altitude
Drone Drone

Fig.1 Formation flight relationship between drones.

2-3 Step2: Defining basic required function

The most fundamental function required in this system adopts the definition of safe flight by Quinones-
Grueiro et al. (2021) [10], which consists of four functions: stable flight, understanding the aircraft's position,
grasping the aircraft's condition, and conducting missions. Furthermore, in this use case, these functions were
further defined in detail as follows. In the model within MADe®©, settings were made to define situations where
these basic required functions cannot be realized as failures (Table 1).
2-4 Step3: Hazard definition

For the safety flight constraints, we followed Quinones-Grueiro et al. (2021) [10] and set constraints for
ensuring in-flight safety, including the distance to nearby obstacles, remaining battery charge, and a risk
threshold (an integrated index of collision probability and battery depletion probability) . If any of these
conditions are not met, an emergency landing is executed. In risk analysis, factors that do not satisfy these

conditions are also considered. Typical examples include gusts of wind, degradation, and collisions[10].
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Table 1 Basic functional requirements.

- Flight stably

- Provide power
- Gain lift
- Gain thrust

- Maintain strength

- Navigate

- Avoid collisions

- Calculate flight path

- Receive behavior objectives

+ Determine aircraft position

- Obtain one’s coordinates (map) data via GPS.

- Determine a location via camera

- Understand aircraft’s condition:

- Collect monitoring (health value) data.

- Predict degradation using an analysis algorithm.

- Execute the mission.

2-5 Step4: Setting mission profile and environmental conditions

We created a mission profile that outlines the drone’s status from the start of its flight, through its mission,
until its return landing. For describing mission phases, we selected parameters like battery usage, distance to
the target fire building, and gas temperature. The mission profile, based on the formulation of ConOps is
illustrated in Fig.2. Information on the environmental conditions under which a real-time 3D space is assumed
to be constructed at a building fire scene was collected through interviews with experts, and environmental
factors to which the drone is subjected were organized based on the definition in MIL-HDBK-217F (Table 2).
These were used as inputs for the model-based risk analysis.
2-6 Stepb: Creating a function block diagram and interrelationships

A functional diagram was created to show the causal relationships of the target functions as a block diagram.
This leads to the selection of output parameters that can monitor the causality of failures and integrity. The

input and output between parts are defined, and the connection of the entire system’s parameters is organized.

OBattery consumption (%) ODistance from fire building (km) QAirframe temperature (°C)
7.00 7.00 7.00 80.00 ;‘ So@ED
o < O <

65.00
ACé)c 4[2;90 4%0 40[..90 40. S0ud .00 40.00 40.00
0.00 . X ¢ 0£3 0£3 0.23 0.23 023 0.‘93 0.

Initial Take off Arrival on site Master drone Obstacle Landing
(0.000h) (0.011h) (0.111h) selected (0.175h) Avoidance (0.326h)
Com‘m‘and Climb Data retrieving Formation Flight (0.225h) Return to
receiving (0.028h) (0.161h) (0.192h) home
(0.001h) (0.308h)
’ i Downlink Re-formation Flight Descent
Flight path Cruise
determination (0.094h) (0.165h) (0.208h) (0.325h)
(0.003h)

Fig.2 Defined mission profile
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Table 2 Operating environmental factors

MIL-HDBK-217F Environmental factors ~ Drone fire response applicable risk Ratings in MADe
Acceleration Gusts of wind, Hot air, Updrafts, etc. High
Pressure Gravity acceleration, Temperature difference, Atmospheric ~ High
pressure
Vibration Motors, Rotors, Unstable atmosphere High
Radiation (Nuclear) Very Low
Solid contamination Ash, Smoke, Cinders High
Liquid contamination Water vapor, Fire extinguishing agents) High
Gaseous contamination At sea, Near coasts, Near industrial areas Very High
Temperature Radiant heat Very High
Humidity High
Shock Impact of birds and insects Medium
Electromagnetic radiation Electric lines, Radio waves, Factories, and other areas with Low

strong magnetic fields

Each drone controls its lift by exchanging voltage signals and rotation speeds between the airframe and the
rotor. The airframe receives control inputs from the pilot and signals from sensors. The base station is where
aircraft information and fire information are integrated.

As an example of a function block diagram, a diagram related to operation is shown in Fig. 3.

Additionally, function block diagrams for the aircraft control section, receiving section, sensor section, fire
observation section, camera section, and rotor section were created, defining the relationships between each

function. Based on these models, specific connection relationships for various signals were input into MADe®©.
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Fig.3 Function block diagram of systems related to operation.
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Fig.4 Flow diagram of the interrelationships among the three drones.

A flow diagram of the interrelationships among the three drones is shown in Fig.4 as an example of the
interrelationships.

In this firefighting support scene, we assumed that three identical drones would be used. Therefore, one
drone model is simply copied to the three drones, and any functional connections among the drones are
defined with additional dependency flows. Since it is difficult for classical risk assessment methods to handle
such multiple system-of-systems, reliability must be assessed separately for each drone. The model-based
approach used in this study allows the construction of an arbitrary number of drone systems by simply copying
a single drone model.

2-7 Step6: Calculation of criticality (MTTF) and reliability (RPN) for each component

Based on these input models and settings, the MTTF is calculated as the criticality. MTTF is also the mean
time to failure of a product[11]; the longer it is, the more reliable the product is. In general, MTTF is defined as
follows.

Total hours of operation
Total number of assets in use (= Total numbe of failure)

MTTF =

MTTF is calculated as the minimum required reliability assigned to each component when the target
reliability of the system is 99.9999% of the required reliability of the drone after 100,000 uses.

The RPN is calculated as a value to evaluate the reliability. This is also described in IEC 60812: “Depending
on the FMEA or FMECA, the degree of difficulty of fault detection should be added to the impact and

probability of occurrence in the risk assessment” [12]. In general, RPN is defined as follows.
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RPN = Occurrence of failure mode X Degree of severity X Degree of detectability

3. Results

The ELF (Environment Load Factor) is the relative severities of potential operating environments[13],
which is an integrated coefficient representing the influence of reliability due to difference from nominal
condition. The building fire site’s ELF (Environment Load Factor) was calculated to be 0.548 when the ELF of
the nominal environment was set to 1. This means operation at the fire site is more stressful and severe so then
drone’s reliability becomes less. ELF of 0.548 is a relative coefficient to determine expected reliability under
different environment condition compared to nominal condition. Overall ELF for entire mission profile defined
in Fig.2 is determined by combination of nominal environment and fire site environment based on mission
profile defined for this model. The total mission flight is assumed to contain 60% of nominal flight and 40% of
fire site. Based on this assumption, the final coefficient impacting drone reliability was found to be 0.82. Based
on the above, the MTTF in a clear sky flight was multiplied by 0.548 to output the MTTF in a fire scene
environment (Table 3).

In Table 3, the allocated MTTF for each component are listed. This allocated MTTF numbers are calculated

Table 3 MTTF comparison by item (FF: Formation Flight).

Category Item Single flight Master (FF)  Follower (FF.)
Communication Ground Controller 3.57E+11 357E+11 3.57E+11
System Receiver (Ground Controller (2.4GHz)) 1.71E+13 5.71E+13 9.03E + 09
Receiver (5G Communication) 1.71E+13 5.71E+13 9.03E +09
Receiver (920MHz communication) 1.71E+13 5.71E+13 9.03E + 09
Receiver (Remote ID) 1.71E+13 5.71E+13 9.03E + 09
Transmitter 4.28E +12 571E+12 9.03E + 08
Sensor system Gyro Sensor (Sensor Section) 3.00E +13 1.00E + 14 1.58E+10
Acceleration sensor 3.00E+13 1.00E + 14 1.58E+10
Electronic compass 3.00E+13 1.00E+14 1.58E + 10
Airframe thermometer 3.00E+13 1.00E + 14 1.58E +10
LiDER 3.00E +13 1.00E + 14 1.58E+10
GPS sensor 3.00E+13 1.00E + 14 1.58E + 10
Barometric altimeter 3.00E+13 1.00E + 14 1.58E + 10
Gyro sensor (fire observation section) 2.67E +06 3.62E + 06 3.96E + 05
Gas sensor 2.67TE+06 3.62E+06 3.96E + 05
Camera system 360° camera 2.67E+06 3.62E+ 06 3.96E +05
Visible light camera 1.34E + 06 1.81E+06 1.98E +05
Infrared camera 1.34E+ 06 1.81E+06 1.98E + 05
Computer system  Mission computer 857E+12 2.86E +13 4.52E+09
Flight controllers 8.57E+12 2.86E +13 4.52E+09
ESCs 1.43E+12 2.86E +12 4.52E + 08
Mechanical Motor 1.56E + 09 2.21E+09 2.78E+07
Rotor 1.56E + 09 2.21E+09 2.78E+07
Structure 2.86E +12 571E+12 9.03E + 08
Brushless motor 2.67E+06 3.62E + 06 3.96E + 05

Electrical Battery 3.91E+08 7.13E+08 8.97E + 06
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from top level system target reliability and equally distributed based on component functions relationships
defined in the model. The input value of this analysis is four-digit. This comparison shows difference of
required MTTF for each component within the systems. There are three different usage operational cases
compared, single flight, master drone in formation flight and followers’ drone in formation flight. It can be seen
that the follower drone in formation flight require less MTTF even though drone is same as master drone.
Additionally, Figs.5 and 6 show the risk priority number (RPN) results for each component of the single
flight and formation flight. RPN is defined by FMEA as the product of Severity, Occurrence and
Detectability[12]. Figure 5 shows top RPN ranking for single flight, and Fig.6 shows top RPN ranking for
formation flight. As it is seen, the ranking is varied due to the severity and occurrence difference between these
two operations cases even though the mission goal is same. For example, the battery is most critical to the
systems in both operation cases; however, mission computer and 5G communication system is more important

for formation flight because these functionalities are used for maintaining three drones system flight in
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controlled formation.

These figures are some examples output from model-based risk assessment. In classical approach of
document-based, it is difficult to see the risk criticality difference between single flight and formation flight.
The advantage of Model-based risk assessment is visualization. As described in above, if risk analysis result
tells battery and camera risks for mission success, when drones used in formation flight, communication failure
risk may not be solved by effective countermeasure and then the mission can be failed due to the lack of

robustness for these functionalities.

4. Discussion

During the discussion on the examination of ConOps, current fire site-related issues were extracted, and
actual technical and social issues were clarified. It is important to use these issues and their ideal forms as a
basis for discussing what kinds of environments and timeframes should be used to operate drones at actual fire
sites, and what configurations should be used and for what purpose.

It can be seen from Table 3 that the MTTF of the master drone must be higher than that for single-drone
operation as the required reliability for formation flight. It was confirmed that the reliability of the master drone
in terms of the formation control method affects the reliability of the entire system. It can also be confirmed
that the communication system has the greatest impact on the required reliability during formation flight,
followed by the sensor section.

The concept of aircraft authentication for normal crewed aircraft involves safety assessments by assessing
the reliability of the aircraft itself. Meanwhile, if there are many variations of operations and functions such as
drones, then it is necessary to consider each pattern. For example, mission request functions for purposes such
as data collection by formation flight give priority to what can be achieved as a mission even if there is a loss of
function of the entire system that consists of multiple drones. In such cases, the reliability of related functions
and components can be adjusted. Meanwhile, the emergency avoidance function for collisions and crashes
requires independent reliability for each drone, even in formation flight. Even with drones of the same model,
when roles are divided into master and follower drones in the formation flights like in the present case, it is
possible to quantitatively confirm that the required reliability differs for each role.

As can be seen from the average RPN of the components by FMEA (Figs.5 and 6), the highest priority
being the battery is a common feature to both single drone and formation flight. Meanwhile, in the formation
flight, it can be confirmed that the mission computers, base stations, and transmitters are the most important
components after the battery. It can be seen from these results that, in cases where the drone designer decides
that the communication specifications assume the operation of a single drone, the performance may not be
sufficient depending on how the user uses the drone. When there are variations in usage, such as drones with
single-flight capabilities vs. those with multi-flight capabilities, there is a question of how to set uniform safety

standards.

5. Conclusion

There is potential for the use of drones in disasters as a socially acceptable practice. Meanwhile, a risk
assessment method that can flexibly compare results is essential for implementing complex and changing
systems. In this study, we seek to conduct a risk assessment when the mission is to collect building fire

situational data using multiple drones by implementing a realistic model-based risk analysis after conducting
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basic concept examinations (i.e., ConOps) using systems engineering approach.

Even if there is no physical connection, the integration of components that have a significant impact on
mission success and safety can be considered as a single system (i.e., system of systems), and it was shown
that a reliability analysis of the entire system was effective. Meanwhile, it was also suggested that it is important
to subdivide and assess the reliability of the entire system by each operation, function, and technology
(component) linked to them. For example, if the environmental load at the fire site was prepared for each
component, then the required reliability could be calculated in more detail.

The approach in this research contributes to the improvement of technologies for the reliability assessment
of objects such as drones, which are complex and are expected to be used in many ways. In the future, we can
expect to assess the maximum availability and reliability from the perspective of not only the aircraft but also

the social system.
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Activities in Drone Type Certification
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Type certification of unmanned aerial vehicles (drones) requires the submission of certification test
documents that combine the required criteria with several methods of conformity certification (MoC) to
demonstrate safety, quality, uniformity, and so on. Since requirement criteria and MoCs are provided in
documents, itis considered effective for certification activities to clarify the relationship between requirement
criteria, MoCs, and submitted documents by modeling their contents. In addition, modeling the basic
components of the aircraft and the external environment and relating them to the model for certification will
streamline the certification process for the completed aircraft.In this paper, we propose the use of MBSE to
contribute to safety design activities for type certification of drones by constructing a model for safety
certification and a drone design model in a hierarchical manner using a SysML model, assuming Type 2

certification.
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YIEBIRRT, TITOY R THAAY MRFNI[IB] TRENLNEEXSE L L, HRIIMERTA K
T4 v Ei#kL72o 72 SafeML[14]12 CTETFIWLEFT- 72,

VA7 &ICI, BRI TR 2R (EHMHN) ks a 110 (V7 ho 7)) MERTA KT
A VESR (ZEHRN) OBRMESHEE SN, B8 ORMIIGERIE fELYFIFICEIE)V AT E
ARV MERL, BHEZOHK, BRI ROWREOMMATH Y, HREMERTA KT 4 Y EROH
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YREICIATZ B BIZIEY 7 by 2 TR T, WEOMUMARIES NS X9 2BEE HOGE, BE
7O AT REEEET LR THEOHEEE X ST 52 LT, KiEMBoEHEL M ESE
HIENTE D,

CITREZ a0 (VT N T) ZERATA KT 4 VEREOBBREDAREIR LA, HIMZERE
HA KF A4 VEROBBEIREE I LT\ AH 720, MBSE 7V Layerl % iV TR ESRAD I PH %
NLZELFTR B0 T2, RBIIRLAFRAE T UL ANOEBELERT S 2 k#fééo_ﬂ%Mmmf
RSN EEMERAE AT A 2T, IRV A NI 4 12X B ERTESR & AR R EE O BB
LRNRDVHERTE L 2 LI A,
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«requirement>»
U X 7 —[z X )%e keHC «deri eHC «deri eHC 110 YIMIIF
«Defence Result»
\ | /) J7—-hUIPFRENTE (frorkdase)
\\ : // LTS, BERERIC P Defe
NETRES 12 «Passive Defence»
sezargs o Ll B J7— kO TP B ORI crea .
4 Prioy \ I i i ’&+ﬂl~.i‘f§6_§ﬁ€hﬁhi§?§ (a) MAMZEWORSRERAICKEESAD | |
vl | EIB&L5Y2PICRBTS FRTOYI M7 ICHU Tt RRICKBREE
v
«Defence Result>» - -
«HarmContext» g «Active Defence» «reqDefence» «requirement>
77777777777 IP— A TPE B BHUE RLRCEETZYI NITTICON L _ | (Y7 hUI?D%i{?U{?JE?iEbI‘:Z‘EE
«HarmContext» 1, REAIEDUAVRITHIC «Defence Result> TH, +AIE Vewwﬁmfﬂltx «reqDefence» | [HIBIBH WERUREE (T5LHOMIME
ETFL. CED | ZFVBFE - R {F3 _ EEIZATLAOER
) «Defence Re: i e
efence Result» i .qDefences~
«<Harm>» \ RREHTRIS DI ! credperences - «requirement»
miq;af)f;'m | ?\;’;é;!;%ﬁigf i (c) Y7 |~oz7m§m&vwﬁmﬂb 2Ry
BE Detects E]ég‘;;z/\Jbg‘ch;'F-?ﬁi 31zDPR(Problem Report)>ATADE
| ARUER
(from 110)
«ContextDetector» |
TOEARMICHESHR = ___« triggeredBy» — — — - — — -
MOBIBLEL— -2 . N N
DR ~ >
MPEED a2 HARZA4EK
B

R8 JAZTEARXNEH

5. ¥ & b}

4FETRLIED, Layerl fLZERAA FF 4 Y FRE Layer2 N — v KGR 4 #3525 MBSE 12X %
SysML E 7NV &S L 720 2 X W BREMZRFHITIEH 55 Ko — > ORIGEEE & v ) PIEE & R o]
HAEHAR®O 5N 5 %FHEENZ, MBSE 285G CT& % 2 L AERR T & 72, ZOHEH, MBSE 12 X % SysML
ETNOMEHAOF LT O & 5 ITHERTE 72,

(1) ZEILEETERSNLHA OMEMESMHEELTE, MERTA KT 4 27205 TR ISR
WIHHBOMEEZ ETIWALT 2 2 e TE, ETREGEHFHOERE L MIT LI LN TE S,

(2) BUROMZER AT A ¥ I 4 VIR ORERIC L 2 REOBEMIEHEZEX L TBY, HAERRLELE
F & ORI IR AN 28, BRIAHEE 2 S0 S b2 R IC 2 ), RekESEoHE b LI
PR ZITOBICIEHTE 2 EE 2 5,

(3) AMHFHED P L —HF Y 514 PR LR TVOT, EAEEOHHRHBE ORGSR, ROk~
DRIEDREGH B EEZ D,

it%&wﬂﬁaLTUT@w<o#@ﬂ%ﬁ%%@?é:kﬁf%éo

(1) BEFFNIBITBETFT VOB ZIT- 7205, ZNSREENDPO—EOETFT VDA TH b EBRIZIE
ﬁ%ﬁﬁﬁﬁf%éﬁﬁf%%?é LT, FO—2IZHEL22ERIE) A SO L) BRIFRIPEH STl

REED D B0 TNHIE, SHO FO— VBBV TLERBFHRFETHA ) LEZHND,
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EEFLARY MY RFFOZ & T, CONOPS & L THIH T REBIROTISEIRAWBHE ST L2 2 L WREL 2 5 72
B, HIBHITVR TV,
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Fio 2N, Re0BTRICHAET A 8EE L L CORAERL L DEHICEBRT L, Fuo—rokin
MLWEIE, 227 —ZAREED LD ZRICA D, HENOFKDEIN H LT LT, HAFAEELE
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BOBATLANTEHKICKDUEFEFE
~UAV L L B EHLBIRF DIRE EIRAEREK~
T OEETC R ML D BT @ s el gt

EH O RN, ZE W AW BRIl T Bl R
HEE BRIl BETY &1 B2V RE #@B-rRrRoKRL
THRFEIE) E— M Y VTR vy = RS M B R B,
V—F = —FRRAE™, Ml Atbuiizei] FC*, EZIFZE B I8 A\ 5= d A 2 if 28 B S Hk *°,
MRS A ™S, At~ 72 0 s 0 UAV &R,
31N i b NI Sl N VIV 5 7 | e AV A )| 237 R a5 RN L1 <o A w B/ g N S
FOARFEWBEIIZEAT, — kL N e S R IS i sl S 3% 2 >~ & — "%, HA&R DMC #4410
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UAV (Unmanned aerial vehicle) 12 & 2 1H Mz TR O N2 MREERIZ, HEPWOMERLIKRILE R
570, KEEMRLZIZILOLE LLHIIO2HETHAPED N TS, 512, UAV 25k
L% FHOTHIENM L 7227 (RlotRg) T, B0 bR % &URHEMOEEI TR TH
o LAL, #loBREOFMIBHMERLE L CORENZFHICE T > Twb, FlofiiEgicl i
W OLLE A IEREICEEE T E UL, UAV O S5 7% 2R FHIRESIIFEC X 525, FEHITIZEAN
IR OIS TH B o AWFFETIE, FHOBBINC X 2 H R OB E TR L S5 2
EERBEMIC, TEENEICEDSFOBRAT LA XRTEIGEOMNT PR ER L 72 LT AT A %%
ULBGREL 720 KUY AT LKL, S BRIZE 26 ROIEM R EEZ, UAVIC X 2 H0eiE & L3 %
BIHETEDZEEHLDNIC L7z, AT, WMERLESEIAHLLETD, BllNS % &4
2BV B EEE S OB O EARSSIUE, FE & BESHEE T E AT EE L 72,

Keywords: FtOMA 7 L 4 X7, #5020 PnP RE, UAV

Position Determination Method using Oblique-view

Stereo-pair Images
~Proposal and Experimental Verification of Observation
Method from Afar using UAV~
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Ground information captured by UAV (Unmanned aerial vehicle) through nadir viewing is widely utilized in
applications such as disaster and environmental monitoring. Additionally, capturing imagery from a distant
oblique-viewing allows for immediate data collection and enables observation from a distance. However, the
use of oblique imagery from UAV requires the establishment and validation of analysis methods. In our
research, aimed at enabling remote observation, we developed an analysis method for oblique-view stereo
pair images. This system accurately identifies the target's precise location using capture position and
orientation information. Even in cases where the capture position and orientation are unknown, this system
can estimate them from the captured images and basing point, facilitating the identification of the target's

position.

Keywords: oblique-view stereo pair images, collinearity equation, UAV

1.3 L & I

/NELAE A\ fiizet% (Unmanned aerial vehicle : UAV) 1%, &2, BFY, BHA, Wik, 245 - Sz 3oL
L7240 THICB W THHDHEA TV S, UAV IC & B — il E OB E L LT, wfo bz
SORTALEE (LT, TEFTHEE] Lvwo) kDB ~BaRom&z s L, mEmaT s
(Structure from Motion : SIM) % HA\WTC, #ZEEN S —2OOMK Z/ER L TIEH L T& 72 INETYH,
BRI & 2 KIE, KERERORERROIERICH SN, KOG CIIEMENFEIEINTE
72[1]e L2 L, B UAV OEM T, #k4 2HIFPFIET 50 Bl2IE, KEFARIITHER, #d), &
BEB LR EOREHRET BN E L CRSABEEDSE SN, HGE2 0RO RITAIHIREI NS Z &A%
HH[2]c ZOL) BHHGEEEET DL, B0 6w BN S k5 % R BRI 5 2 Bl &
T 52 L1, UAV 2R AKBRICTEH T 5720ICHETh b mED 5 O Hikid, UAVIZ L D) EZE
SEH R 2 £ T HIANCF ST 2 2 L TEITE L (LT, [$#ofisegl Lvw)). ahFT, flodik
B & o THEII 5 % & LR ORMMEZIIIT b N T E 72205, UAVIZ L - TH S 15 o MR G0 —
O FEDPHEL I N TR W0, BEO BRI > Twb, KIFRO BRI, UAVIZ X %
HEMTFEE LT, floflig s v 7zaRoMMESEFEEELEE5 2L Th b, GEMERITO
O &2, BENOMERMNE L BEE L ORI (DT, [H8EEFEX] Lv)) BRERIA TV,
ZoRIT 2 HOWGEIERE, Hook O E LA EERE MAANDS Z L THIKRDOOND, 21, #
DHIFE ORI, UAVIZX Y, EZEO 2D O@EFONREH LT 52 LT, EMEAHE T 1o
% (LT, [#OMATLAXRTHEGR] £v)) 2852 ENRNTE, ZLTC, WEHoRMNEt+EE 2
THMEHAZ M LT, ELOBIRIZE LN ROMELFETE S, KL TIE, —EHOMNTFEOH
NEMLI D720, FIOWURAT LA XTEGOMRHT S AT A% FH2IHFE L, KFEIC L DMEREOR
JEE % A9E L 720

2. POMATUAXRTEROENR S X7 LDOBHSE

2-1 HBFHICEDIHOMRAT LA XTEIGOHNR

FHOA T LA X7 H{RE 7R ROMEREIE, 358500 (D) 3112 X 2 T 2 5556 L 72,
ay(X—-X,) +a,(Y-Y,) +a,(Z—-2Z,))

a3 (X—-X,) +a,(Y-Y,) +a,(Z—-Z,)

a,(X-X,) +a,(Y-Y,) tay,(Z-Z)
a(X—X,) +ay(Y-Y,) +ay,(Z-Z,)

x=—f
(D

y=-f
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R 1L, W EOKR, Q%¢®,E@W@ﬁﬁwsﬁﬁ—ﬁﬁi'ﬁﬁ#é%ﬁ%ﬂﬁbtﬁﬁ
EEETHWONTWARTHY (R1), IROME (X, Y,Z), WEEEESE (BAEEE ), sEEE
g (Peh oM R (FAniE) X, Yy Z, S A T DL %%%#E%ﬁﬂ@%*(ﬁ%% ) tay),
EGENOBEME (v,y) OBEBREERLTVDE, KVATATIE, ROLHETHIMNRONME (XY, Z) 12
LT, AAGENETNONEEERESR, MR EER, WHEMELZSEHISRA LG4 >0 4A» 5
7 AT AR % 7

Eflh o 0w afllh o O
UAWHOSEEBE L T=h A 12L& D
BEME X, Y Iy

% w/%?& (23—, EwF, BO—i)

— f (iR AEEED

B8 L THENES
ERLE (x,y) ///

7

< EjT?ﬁwﬁi“
H“M%m YD

B EHEAROFFICLELRFOWA T LA T HEICHRT 2LHOMEN EH»S0Hsg e LT, FEBOMIIHR
LCHEGERL, FURIEHRE L2#ill 2R3, BOOER LB ORIG5> O e K. LmsEntid, £4
DIGETHELONLHMELEHE LTRAT L2 LT, RAMDMETH 20 FOMELFREIZLIVRODL I ENTE S,

2-2 ARBEEEROHTE EHEOT AEROER

CTOWNEMEEZEFZ L 1E, B A TEET IR % 2 B0l fEdl, LY 200§ AMIERETS
%o Zhang[4]®%5(it%%ﬂﬂ L NHERIRE 23R 2 HE5E L 720 Zhang D Fkid, Y A DR & & A& [ F O A
JEIEREH THEIY =N —HELTR2DL ) BT 2 v - K- F2 3L IERMELEMEIPOIRE L
s LR O~ 2A DM iERARZ b &I RE LB TR E Z R 22T 5D TH %, V\]ﬁfﬁt%
ERBNVHEE SNI2RIZIE, LY XDV AMIERBZ HTL ¥ XIZHKT 5 0§ A 2 Ak L 72 EE A
Bz L7z,

K2 7X10 Vv ADF v H—KR—FOfl, oD~ AL 25mm OIEHETHEEI NS,



il s, BRBORER, UEN B T4 s M MEL BH ®A, S % AW R,

14 ol BT, Il Bk, WE OWR B EE, &7 K2, NE B K% 5
2-3 PBOHBAFLANTEGDIRS

B L7232 AT A ORGEERRTIE, M ORMKAA 2 W ER IR B 1A % gt R & L7z, UAV #E
121, DJIMavic 3 # IV 720 Mavic3 I SN2 D A5, ~A 707+ —HP =Xk —Th), H£H
FREEIL 35 mm HHRA T 24 mm TH L, 72, WEHEORE 213 5280 %3956 K Th o 72, #p ik,
PR 150 m £ CEAL, WHIANCA AT &2 T, 25T TEBE 2 130mBEH L 5055,
FROWMAT L ARTEEE T L. SEHEN (B3a) &, Wogl{E (B3b,c) 7251k, FEMEDS
%7 2,000 m 5E F TIREZE 30 m BEOFENILAY, @ FIIXIUSHRR S Lz Wogmiiffan s 4+ 4 F
i, 4135m THDH I EDFERENT WA [5].

(@ 313000 314000 315000 316000 317000 318000

S
nf

3912000

3911000

3 WRIOHIE S LR, () (FFEHHNB L UAVRITIE & BB X Z20WBEH I GREH) 2RLTBD,
SO X E I EHAEHK 5 m A v ¥ 2 &2 Fv7z. THIE Google Earth 2 A THEIR L T b, JEIFRIZ WGS
84 UTM zone 54N Td %, (b) ZALBIOHZHIETH ) EAEIRTH 5. (o) EFEAOBEHEETH ) HAIERTH 5,

2-4 FREENFEETEREEDI-HO UAVEHAEBRMOT—2DER

HMEMRIC L OV ROMBEZE T 5 720120F, YHEBEEER (FogiiE & L8 % EMRICILET 20
TN h b, WHMEIZDOWTIE, UAV IZ RTK (Real-Time Kinematic) 23#5# < LA MM TlE, ko
GNSS L AR TEBERMESNETE 5, LA L, SEHEHRICOWTIE, BIEICEESN LA TORE
REHHBIAE SN TV RN L% v, HIIHE ) HHOMKEZHEST L2 L35 V1550 EH
HCOMENRHET LT LIIBBICHEL v, 22T, KV AT AT, WHZREEKIC X 2 HREZEE
&, TONEWRRGIEE 2T 2 2 & TR EER 2 e L7z, Wil & LB OHEEIZH b 2 5HH
AL E LB DO (Perspective-n-Point : PnP) [6] Zf# < = & THEB L 72 BARMIZIEX, EPnP &%
AL, e L CLDAR MEET— #I2 L ) FANIHARZEEWSEOMNE (X, Y, Z2) ZIEL, Hugm
BOBEME (x,y) EOMIBEEHT L, £ L CHEEN L MEMBEMOBRKEORE L RAMLT 5 PAIT#
BjX7 NVERBENRYZ PV EKRD, TNETNOXRT MV ALEEZIIERE L THW 2, B, ROFETH
W5 LDAR pifE7— 121, G ZEZME#RYL Y ¥ =25 AFTE LERIE 5 LU - e S —



FOWAT LA ST ERIC & BB E T 45

% (LP) [7] & Hw/zo FHETIX, 8okl L ¢, EAFNZEFNOEEME (r,y) & LIDAR A
F—=H Ik BE (XY, Z) OfMAELEEEL (R4),

40796.358 -74010.053 1468.647
FEZ % (£)GD2011(8%R)

X4 EifgEEyy & LDAR KT —% (XY, Z) OAEDLEDH], (a) IZIZEMEGHENO 8 SDOEEME (IR
W) AR, (b) 13ROV LD TH LMEY OTHR OB % LIDAR mifit7— ¥ THRL726ITH %,

3. #% F

3-1 LIDAR 87T — 44 BESICAV/-BEMEERZOHTRE

UAV [Z## S 5H GNSS I2 &k D itk S - EEH (X, Y, Z,) B L ORIEENC L 2 EERE#R (Z), 7
AT I NVEROREER (93—, v F, u—)b) & LDAREEET— ¥ 2 LI H WO
BERERAIIR T, UAVIREROR R EMEBICB T 247 M (X, Y,) O#=EE LT, X, 135 33 m,
Vo i3 1~5m Tholzo SREHIA (Z,) &, HEEME GNSSIZL 2L DEIZF 95m b O E 2 -
720 FNUSK LT, SERHC L 2SS SO E 2 R LEEHEEHRL OEZI0mBEETH 72,
RKREMOLLELTIE, UAV OeFRE L TRESIN TV ATV N VolER, HERED? S 22 %10k
HATE L7212 b 5T, EAOWRERO Y VN VOMELE G BIL L T d o 72, HeEkERIE, A
EHEMOM T, EZ UAV g QBRI VETIE S o 7245, LML R oL IERIT R L L ET
Ho7l2,

F1 UAVIC X ZEHIME L Mo, X, & Y, DEEEERIL UTM zone 54 N Th 5, Z, Tl, UAV OFEEILX GNSS 12X 5
BETH Y, HAEEIIDLETNI L BMETH 5o HERFIL LDAR KT — 2 2Rl SHICHW A BEEETH %,

Mavic 3 DRI RLER S N7z 1 e 7% ([UAV| - [ fE])
ik &gl iy il Il &gl
X, % (m) 312711.15 312701.99 | 312743.64 | 31273550 | —3249 | —33.51
Y, R (m) 3911686.42 3911551.78 | 3911681.88 | 3911550.59 4.54 118
GNSS 7 499.83 GNSS £ 499.63 9442 | —9446
Z, R (m) L+ FA T 604.30 | A + MK 602.70 594.25 594.09 10,05 261
(FAxtes)E 152.40) (X B 152.20)
3—f (F) +96.10 +96.10 +90.95 +93.01 5.15 3.09
Yy () —22.70 —22.70 —-24.72 -25.87 | —2.02 -3.17
o — vy () +0.00 +0.00 +2.40 -0.73 —2.40 -0.73
W) (g 53 F9) 11:52:33 11:52:11 - - -
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DL, w034 (Z) ~K 2618 (X) m &AL R TEREDHEIPHL PICKEN o720 BB, W
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o X (m)
8 313,000 314,000 315,000
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2
o
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X5 MEESOMERMGR. XEhE Yilid UTM Zone 54 J5 5405 OB TH B, i d
WO (ID:8) il (REM) 206 X JFAISH 2,000 m BT\ 5%,

F2 HENTHRE LMEORENRE, RAMEE R/MEIIHFER 2L OBEZHESMEE L TRWEHR L7
RIERAAEL, FEREE Y > TVREBOTPHIRTHRE L 7-ETH S,

A Tk FE (i A - L) HEME
1 2 3 4 5 6 7 8 AME | M| ERERE

X (m) —7.40 -1.09 -1.10 0.47 4.66 6.76 26.18 | —13.78 | 26.18 0.47 4.17

Y (m) 0.40 1.83 0.94 0.15 1.14 0.42 1.22 0.96 1.83 0.15 0.19
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Study on Flight Management Algorithm to
Change Mission for a Fixed-wing UAV

Sora Haraki, Masazumi Ueba
Graduate School of Muroran Institute of Technology

In autonomous flight of a fixed-wing UAV, it is important for the UAV to equip with a function to change a
flight mode in preparation for a mission change or an emergency. Generally, the change is carried out by
Flight Management System (FMS). However, the details of FMS including its algorithm is not well published.
Therefore, to realize the function together with the clarification of FMS, we propose a new mission change
algorithm which takes into account the flight status and the characteristics of the UAV. The validity of the
algorithm was confirmed in flight experiments by using the in-house fixed-wing UAV.

Keywords: fixed-wing UAV, telemetry & command, flight mode, flight management system

1. Introduction

Fixed-wing Unmanned Aerial Vehicles (UAVs) are capable of travelling longer distances and durations
compared to rotary-wing UAVs, commonly known as drones. To leverage this advantage, it is crucial not only to
conduct autonomous flight control along a predetermined flight path but also to flexibly change the flight path.
The changes are usually carried out by Flight Management System (FMS), which first plans flight paths, and
then allocates flight modes adequate to the flight path. In research related to FMS, there are studies focused on
multiple rotary-wing UAVs. These studies monitor each UAV's flight status for collision avoidance, involve
rerouting by setting new flight paths from the current ones[1]. Additionally, there are studies on fixed-wing

UAVs, where, in the event of control loss, the current mission is abandoned to stabilize the attitude[2], after



50 JEA AR, BTk

which the UAV re-engages in the mission. However, it is not clear how these systems comprehensively manage
and modify missions. A few reports on flight mode changes via command transmissions from ground stations
for fixed-wing UAVs have been published[3].

Therefore, we propose a new flight management algorithm that does not only change the flight mode but
also judges the switching timing and allocates the flight mode adequate to the mission directed by the
command while considering the flight status. In the algorithm, the switching condition is specified in advance
and the time to change from the present flight mode to the flight mode necessary to realize the new mission
may be delayed depending on the position at which the command from the ground station is received. That is
to say, if that position causes unexpected behavior for the present flight mode, the switching is delayed until the
UAV reaches the position where the flight mode can be carried out safely, after which the mission change is
executed. In order to confirm the validity of the algorithm, the algorithm was mounted on Guidance Navigation
Control subsystem (GNC), and Telemetry and Command subsystem (TT&C), then, in the fixed-wing UAV

flight experiments were carried out.

2. Proposal of algorithm to change missions
2-1 Positioning of the algorithm in FMS

FMS monitors flight status of the UAV via GNC Subsystem and transmits the date of the flight status through
TT&C Subsystem. On the other hand, the command to change mission from the ground is received on the
TT&C Subsystem and transferred to FMS. In the FMS, the adequate flight mode is selected and its timing to
carry out the flight mode is judged based on the flight status of the UAV. If the switching condition is met, then,
the selected flight mode is carried out. The information flow among FMS, GNC subsystem and TT&C

subsystem is shown in Fig. 1.

| Flight Management System |

4& A
\4 \ 4
o 04L°mma“d TT&C GNC » Airplane
< subsystem || subsystem dynamics
Telemetry

Fig.1 Information Flow among FMS, GNC and TT&C.

2-2 Mission and flight mode

In order to construct a practical FMS, flight modes and missions are defined as shown in Table 1. In this
FMS, a take-off, a landing, a straight and level flight, and a turn with constant height are dealt with as flight
modes. A return flight, a meander flight, a fully autonomous flight, a direction change flight, and a circuit flight
are dealt with as missions. Missions are constituted by combining flight modes.
2-3 Flow and constraints

To change missions, at first, it is necessary to know the present flight status and the characteristics of the
UAV and its present flight mode. Then, all flight modes to constitute the targeted mission should be selected.
Thereafter, the adequate flight mode to be transited from the current flight mode should be selected. Finally,
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Table 1 Definition of flight mode and mission.

Targeted flight mode and mission

1 Takeoff

2 Straight and level flight

Flight mode
3 Turn with constant height

4 Landing

1 Circuit flight

2 Meander flight

Mission 3 Direction change flight

4 Return flight

5 Fully autonomous flight (from take-off to landing)

Mission change
] — algorithm —
Airplane

characteristics Judgment Command
' Mission A to B
and flight status (Mission A to B)

ﬂ Mission A sequence |— ﬂ Mission B sequence |—

Flight mode 1 Flight mode 1
Flight mode 2 Flight mode 2

Flight mode 3
Flight mode 4

Flight mode 3

Flight mode 4

Fig.2 Flow for mission change algorithm in FMS.

Table 2 The prohibited transition.

Constrained flight modes and missions Determination conditions
Takeoff — Alternate mode Not implemented

Landing — Alternate mode Not implemented

Other mode — Take-off Not implemented

Circuit flight = Meander flight Progress status of circuit flight
Meander flight — Circuit flight Progress status of meander flight
Circuit flight — Direction change flight Progress status of circuit flight
Meander flight — Direction change flight Progress status of meander flight

the feasibility of the transition is judged. Figure 2 shows the example which carries out the change from
mission A to mission B, Table 2 shows the prohibited transition among flight modes or among missions.

Upon receiving a command from the ground station to switch from Mission A to B, FMS investigates the
feasibility of the change. To judge the feasibility, it is necessary to specify the prohibited transition among
missions and flight modes. In addition, by setting the altitude of the airplane, the FMS prevents unfeasible flight
mode such as take-off.

When the selected flight mode or mission based on the airplane characteristics, the flight status, and the
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flight mode is judged to be feasible, the FMS starts to execute the flight mode necessary to transit from

mission A to mission B.

3. Implemented missions

As an example, the mission change from a circuit flight to a meander flight and the direction change flight in
the circuit flight are dealt with. Details of each flight are described as follows.
3-1 Circuit flight

A circuit flight consists of a straight and level flight mode and a turn with a constant height, in which a Way
Point (WP) from WP1 to WP4 are set as shown in Fig. 3.

Departing from WP1, the subsequent flight mode is carried out upon passing the designated WP. For
simplicity, three-digit numbers are allocated to the flight modes as defined in Table 3.

The transition between flight modes is judged based on the X, Y., coordinate system, whose origin is set at
the center of the runway so as to facilitate the calculation of position of WP and the airplane. The transition
from Mode 201 to Mode 202 occurs when the X-coordinate of the airplane position exceeds that of WP1. The
transition from mode 202 to mode 203 occurs when the azimuth angle of the airplane is within plus or minus 3
degrees of the target azimuth, or within a 15 m radius circle centered on WP3. In both Mode 203 and 204, the
airplane's X and Y coordinates are calculated based on the X,;Y,,; coordinate system, which uses WP3 as the
origin. Similarly, the transition from Mode 203 to Mode 204 occurs when the X-coordinate of the airplane
position exceeds that of WP4. The transition from mode 204 to mode 201 occurs when the azimuth angle of the
airplane is within plus or minus 3 degrees of the target azimuth, or within a 15 m radius circle centered on
WP1.

Flight direction Table 3 Definition of flight modes for circuit flight.

WP1(Start) WP2 . . .
< Mission Flight mode  Details
O (P~ -Mode201 O
vV 201 Straight and level flight
wy
902 Turn with constant height
Circuit (Right turn)
flight i ;
d Ig 203 Straight and level flight
WP4 WP3 Turn with constant height
Fig.3 Flight path and WP for circuit flight (nominal). 204 (Right turn)

3-2 Meander flight

A meander flight, in which airplane flies in a serpentine manner, is suitable for a mission to observe broad
agricultural fields. The flight path together with related WPs is shown in Fig. 4, and flight modes are described
in Table 4. While both circuit and meander flights share the same route up to Mode 203/253, after WP 4 Mode
204 flight turns right, however, Mode 254 flight turns left.

In order to avoid unexpected behavior of the UAV, the command to switch from the circuit flight to the
meander flight is carried out only when the UAV receives the command in the flight modes from Mode 201 to
203. That is to say, when the UAV receives the switching command during the flight mode of Mode 204, it
continues the circuit flight to the flight path by Mode 201 and then switches to flight mode of Mode 251. The
meander flight is terminated when the UAYV flies along the nominal path and transitions to Mode 256.
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Table 4 Definition of flight modes for meander flight.

O
7~ | Mode201/251 | Mission Flight mode  Details

251 Straight and level flight

Turn with constant height
20 (Right turn)
e WS 253 Straight and level fligh

Meander traight and level tlight

WP5 WP6(End) flight - Turn with constant height
(Letrtara)
Fig.4 Flight path and WP for meander flight (nominal). 955 Straight and level flight
256 Straight and level flight

3-3 Direction change flight

Next, we define a direction change flight in the circuit flight. There are two kinds of flight paths to realize a
change of direction for the circuit flight, depending on the flight direction of the UAV. Each flight path and WPs

are shown in Fig. 5, with the definition of flight modes in Table 5.

In the direction change 1, the UAV change its current flight direction from clockwise to counterclockwise. In

the direction change 2, the UAV change its current flight of the direction of counterclockwise to that of

clockwise.

Flight direction
WP1(Start) > WP2

—————————— [Mode272| [ Mode202

Mode203

WP4 . WP3
(a) Direction change 1

(Clockwise to counterclockwise)

Flight direction
—

Mode202 |  |Mode272 | ¥

Mode203

WP3 WP4
(b) Direction change 2
(Counterclockwise to clockwise)

Fig.5 Flight path and WP for direction change flight (nominal).

Table 5 Definition of flight modes for direction change flight.

Mission Flight mode  Details
271 Right turn with constant height
Direction change 1
272 Left turn with constant height
271 Left turn with constant height

Direction change 2
272 Right turn with constant height
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Both changes occur only when the UAV at located on the straight line. When the command is received
during the turning path carried out by the flight mode of Mode 202 and 204, the switch is deferred to the
straight flight path by Mode, after which the execution of the command is started. As a change flight path upon
command execution, the airplane passes the path called Mode 271. In Direction change 1, it performs a
90-degree right turn from the current runway heading, while in Direction change 2, it performs a 90-degree left
turn from the current runway heading. In Mode 272, for Direction change 1, the airplane turns left until it
reverses 180 degrees from the runway heading, and in Direction change 2, it turns right, until it reverses 180
degrees from the runway heading. When the airplane turns to the azimuth of the target runway, the direction

change is complete, the flight direction is redirected, and the airplane starts circuit flight.

4. Verification by flight experiments

To evaluate the validity of the proposed algorithm, flight experiments by the UAV were carried out at the
Shiraoi glider port in Hokkaido. The algorithm is implemented in GNC subsystem and TT&C subsystem with a
full-duplex line from the ground station to the UAV is prepared.
4-1 Configuration of TT&C subsystem

Telemetry data such as speed, altitude, and attitude angle of the UAV in flight, as well as command data to
change the mission, are communicated with the ground station via a full-duplex circuit line composed of two
pairs of radio modules. Here, commands received by TT&C subsystem are passed to GNC subsystem on the
UAV, which uses them to switch mission (Fig. 6).

Commercially available 2.4 GHz wireless modules were used to construct the links. Table 6 shows the
specifications of the radio module. The communication distance of this module is about 500 m. TT&C

subsystem configured by these modules was used to send commands from the ground station PC and receive

Telemetry & Command | | Guidance Navigation
subsystem subsystem

Receive command }_> Switch flight mode

by command
Fixed-Wing UAV
Mounted
—>

Wireless module
for telemetry link

@ Wireless module
for command link

| ]

Ground station
Fig.6 Configuration TT&C subsystem.

Table 6 The performance specifications of the 2.4 GHz wireless module.

Telemetry link Command link
Frequency band ISM 2.4 GHz ISM 2.4 GHz
Transmission output +8 dBm +8 dBm
Receiver sensitivity —103 dBm —103 dBm
‘Working voltage 21--36V 21--36V

baud rate 57,600 pbs 9,600 bps
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them on the UAV. The received commands are sent to the FMS.
4-2 Target airplane

For the flight experiment, the experimental airplane equipped with GNC circuit is constructed as shown in

Fig. 7.
EE= |
rme

A

I
=

Fig.7 The airplane used for flight experiment.

4-3 Results

Among missions investigated, flight experiments were conducted for the transition from the circuit flight to
the meander flight, as well as the directional change in the circuit flight. The fundamental paths for the circuit
flight and the meander flight are shown in Figs. 3 and 4, respectively.

Figure 8 shows the flight trajectory for switching from the circuit flight to the meander flight. After
completing one round of the circuit flight, during the second circuit's Mode 201, a meander flight command is
transmitted from the ground station PC. The command switches the flight mode to Mode 251 in the meander
flight. It then follows the flight path over meander flight and terminates at mode 256. This confirms that the

mission change algorithm is working properly.

Shiraoi glider port

Ground station

&

Start of circuit flight
Mode201
- \ b

\ @
2. Command received, 3.Turn left
Switch to meander flight Mode254)|
LA (Mode201—Mode251)

254 256

Fig.8 Flight trajectory for mission change from circuit flight to meander flight.
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\\
2.Command received,
Switch to directional change flight
Mode201—Mode271
4 circuit
in counterclockwise

/ /4 Mode202

Start of circuit flight
h : in clockwise
3. End of directional change flight, Mode201

Runway change to counterclockwise,
and Switch to circuit flight
Mode272—Mode201

Fig.9 Flight trajectory for directional change ﬂlght in the circuit ﬂ1ght

Figure 9 shows the flight trajectory in the circuit flight for switching from the clockwise flight to the
counterclockwise flight through the directional change flight. After completing two rounds of the clockwise
circuit flight, during the third round of the circuit flight, especially in the straight level flight to clockwise, a
directional change command was transmitted. The command switched the flight mode to Mode 271, which
generated a direction change 1 flight with a 90-degree of right turn. After the right turn, the airplane flew with a
270-degree left turn. After passing WP3, the airplane flew to counterclockwise. The airplane changed its flight
direction from clockwise to counterclockwise, confirming that the direction change was working properly.

From the above, it is confirmed that the flight management algorithm to change mission is working correctly

though the trajectory of the airplane deviated from the ideal path, more than expected.

5. Conclusion

In this study, with the purpose of equipping a function to change missions of a fixed-wing UAV together with
a development of the flight management algorithm, a new mission change algorithm which takes into account
the flight status and the characteristic of the UAV is proposed. The algorithm not only change the flight mode
but also judge the switching timing and allocate adequate flight mode.

It is confirmed that the algorithm developed works well by flight experiments of mission change of circuit

flight to meander flight and directional change in the circuit flight.
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Study on Short Landing Control Technology
Highly Resistant to Crosswind for High-speed
Small Fixed-wing Airplane

Ryoga Sakaki, Masazumi Ueba
Graduate School of Muroran Institute of Technology

High-speed small fixed-wing airplanes during crosswind landings require long landing distances due to its
high-speed and tend to deviate from runway. To shorten the distance and keep an airplane within the runway
against the crosswind, a new landing control method by using a high glideslope angle and a settling time of
a nose heading angle control system necessary to switch from the crab method to the low-wing method is
proposed. Its validity and performance are clarified by using computer simulations for one-third scale

Oowashi 2nd generation.

Keywords: fixed-wing UAV, landing, control, crosswind

Nomenclature
Yema : NOse heading angle command Bema : sideslip angle command
¥ :nose heading angle S :sideslip angle
0%,mq - rudder angle command 7 :yow rate

Or :rudder angle ¥ :azimuth velocity
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1. Introduction

In general, high-speed fixed-wing airplanes during landing requires a long runway in the headway direction
due to its high speed and tends to deviate from the runway in the lateral direction when they are subject to
crosswinds. To shorten the distance and keep airplanes within the runway, two solutions can be adopted. A first
one is to increase a glideslope angle in the longitudinal motion. A second one is to direct airplanes toward the
wind direction and to align its nose with a center line of runway just before touchdown in the lateral-directional
motion. In the second one the first part operation is called a crab method and the second part operation is
called a low-wing method. One paper adopts the glideslope angle of 12 deg and it doesn't take into account
crosswinds[1]. This paper confirms a performance of a short landing under the above conditions. The other
paper adopts the glideslope angle of 4 deg and it takes into account crosswinds, so it adopts the method which
switches from a crab method to a low-wing method[2]. However, no report clearly shows conditions to switch
from the crab method to the low-wing method during a glideslope phase and a flare phase for a high-speed
fixed-wing airplane with a high glideslope angle. Therefore, in this study we propose a new method that
considers the settling time of the nose heading angle control system to switch from the crab method to the low-
wing method. It is confirmed by computer simulations that the proposed method worked well, and the extent to
which the target high-speed small fixed-wing one-third scale Oowashi 2nd generation airplane is resistant to

crosswinds is also clarified.

2. Conventional landing control technology

The conventional landing control technology for crosswind uses the crab method and the low-wing method,
and their combination. The details of each method are described below.
2-1 Crab method

The crab method is usually adopted in both the glideslope phase and the flare phase. When controlled using
the crab method, the forces working on the airplane form the top and rear views are shown in Fig. 1. The
method points the nose in the direction of the composite vector of crosswind and speed during descent.

Therefore, the method uses thrust to counter the crosswind and keeps the sideslip angle at zero.

Crosswind direction
: Airflow

Direction ;
of travel Thrust ol
Gravity
[Top view] [Rear view]

Fig.1 Crab method.

2-2 Low-wing method

The low-wing method is applied just after the crab method. When controlled using the low-wing method, the
forces working on the airplane from the top and rear views are shown in Fig. 2. The method points the nose
toward the runway’s center till touchdown. Therefore, the method uses the lateral force worked by gravity and

rudder steering to counter crosswinds, keeping the nose parallel to the runway direction.
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Crosswind direction
Thrust : Airflow

. Lift
Late_ral t(_)rce due to Direction of travel
Silestpanglc Lateral force
of gravity
Drag Lateral force due to Gravity
rudder steering
[Top view] [Rear view]

Fig.2 Low-wing method.

3. Proposal of design method to switch from crab method to low-wing method
3-1 Design policy

In order to land on a runway while flying on a glideslope path during strong crosswind, it is necessary to
descend along the glideslope path by using the crab method and touch down the runway by using the low-wing
method, i.e., by aligning its nose toward the center line to avoid the strong force on legs. The remaining issue
to carry out the crab method and the low-wing method successively is to decide how to switch over from the
crab method to the low-wing method. The factor to decide it is a settling time of the nose heading angle control

system (Fig. 3) used in the low-wing method. Details of the design procedure are described below.

Y

+

Yemd , Nose heading |87emd| 67 (67 r |r| 1 ¥
—] —]

- angle controller OTemd or — cos 6,

n | =

Fig.3 The nose heading angle control system.

3-2 Application of two landing control methods

In this study, the crab method is applied to the first part of the glideslope phase, and the low-wing method is
adopted to the part after the first part, as shown in Fig. 4. Assuming that the low-wing method is used just
before the touchdown, the flare phase is divided into two phases, one is the flare I phase and the other is the
flare II phase. In the flare I phase, the crab method is used. In the flare II phase, the low-wing method is used.
To specify the deviation from the center line of the runway, y direction is defined as that perpendicular to the x

direction.

Glideslope Flare T Flare 1T
(GS)

X-direction \
_

Landing control Low-win,
Crab method e
method used method

Fig.4 Application of landing methods in landing profile.
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3-3 Design procedure
3-3-1 Settling time of nose heading angle control system

The time to switch over from the crab method to the low-wing method is dominated by the settling time ¢, of
the nose heading control system. Therefore, in this study, the time is calculated from the step response of the
control system. The time is defined to be that of which deviation reaches to the range of =29% of the command
magnitude.
3-3-2 Flight time of flare phase

The flight time £, in the flare phase is defined to be the time from the end of the glideslope phase to
touchdown. The time ¢, is derived by transforming the approximate formula for the flare path. The flare path 7 is
expressed by Eq. (1) and the formula for calculating the flight time £, in the flare phase is expressed by Eq. (2).
The flare I starting altitude /%, is also determined by using Eq. (3).

h=hexp(—t/7) @
t.=—tIn(h/h,) (&)
hy=1Vsin(0s) 3)

The flight time ¢, in the flare phase is calculated by substituting the ground altitude %, the flare start altitude
hy, and the flare time constant 7 into Eq. (2).
3-3-3 Start altitude of flare Il phase

The starting altitude of the flare II phase can be derived by substituting the flare II start time into the above
Eq. (1). The time £ is set to be 0 s at the start of the flare I phase. The flare II start time £, is the flight time ¢, of

the flare phase minus the settling time ¢, of the nose heading angle control system, as shown in Eq. (4).

t,=t—t, (€Y)
Equation (5) shows the relationship among the flare II phase start altitude %, from using Eqgs. (1) and (4).
hy=hiexp(—1,/7) ®)

4. Lateral/directional control system

Generally, the landing control system consists of longitudinal and lateral/directional control-systems.

A constant speed control system is also incorporated throughout the entire phase. The adequate control
system is selected as for the lateral/directional control system depending on whether it is the crab or the low-
wing method as shown in Fig. 5. The crab method uses a sideslip angle control system, that tries to reduce the
sideslip angle to zero. In contrast, the low-wing method uses a nose heading angle control system, that tries to
keep a nose heading angle parallel to azimuth direction of the runway. The heading angle and runway azimuth
angle are measured from true north direction. The runway center control system is incorporated throughout

the entire phase with a roll angle control as the inner loop. All control laws in control system use PID controllers.

h2hy | g =0 1‘ Sideslip angle |87ema] &r |&r| g B
A ' controller O7ema r
—
Pema =0 Nose heading [87ema| or (o |r] 1 ¥ 1 ¥
h<h, - | angle controller OTema or cos 6o s

Command Switching | |

Fig.5 Lateral/directional control system.
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5. Design
5-1 Target airplane

The proposed method is applied to a high-speed small fixed-wing airplane. The one-third scale Oowashi 2nd
generation, which is a scale model of supersonic experimental unmanned aerial vehicle (UAV) currently under
development by the Muroran Institute of Aerospace Plane Research Center (Fig. 6), is used as the target

airplane. This airplane weighs 5.0 kg and has a wingspan of 0.8 m. Its cruising speed is 50-80 m/s.

Fig.6 One-third scale Oowashi 2nd generation.

5-2 Design results

The starting altitude of the flare II phase is designed using the design method described in Chapter 3. Table
1 shows parameters used in the design. First, the control system for the nose heading angle control system is
designed, and the settling time is evaluated using the step response to be 8.6 [s]. At the same time, all other
control systems other than the nose heading angle control system described in Chapter 4 are designed. Next,
the switching altitude, from which the flare II phase start, was designed by substituting parameters in Table I
and the settling time into Eqs. (2), (3), (4), and (5). Table 2 shows the flare phase’s flight time, flare phase II's
start time, the start altitude of flare phase I, and the start altitude of flare phase 1.

Table 1 Parameters used in design.

Initial altitude %, 120 m
Initial flight speed V' 51.3 m/s
Initial angle of attack «, 6.8 deg
Initial pitch angle 6, 6.8 deg
Touchdown altitude 7, 0.2m
Glideslope angle 04 10.0 deg
Flare time constant 7 25s

Table 2 Design results.

Flight time of flare phase 11.8s
Flare II start time , 32s

Initial altitude of the flare I phase 7, 22.3m
Initial altitude of the flare II phase %, 6.1m

6. Simulation
To confirm the validity of the proposed method, computer simulations were carried out for the target

airplane described in previous section.
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6-1 Simulation conditions
Initial conditions and switching altitudes the in Tables 1 and 2 are used. For simulation the crosswind

model, shown as Eq. (6) and Eq. (7), is used.

vy = M O<t<m/wy) 6)

v, =V, (/wy<t) @
wy is the natural angular frequency of the Dutch roll mode, which is 10.2 rad/s for the target UAV. The
magnitude of the steady-state wind V,, was determined to be 3.7 m/s by considering the average wind speed
over the past 30 years in Shiraoi Town.
6-2 Target performance and limits
The descent rate at touchdown, the nose-to-runway azimuth angle deviation at touchdown, and the deviation
from runway center are defined as the target performance. The descent rate and the nose-to-runway azimuth
angle deviation at touchdown are determined in terms of the load on the nose and main gears of the airplane.
The deviation from the center line of the runway is determined in terms of the accuracy of the sensors. In
addition, the roll angle and the rudder angle of the airplane are limited so as to avoid the wingtips touching the
runway as well as take into account the wingspan of the airplane. A typical large airplane's limiting roll angle at
touchdown is 5 deg. and the maximum roll angle is about 10 deg. Therefore, the limiting roll angle at
touchdown is set to be 50% of the maximum roll angle. The rudder angle limit depends on the target airplane.

Table 3 summarizes the target performance and limits.

Table 3 Target performance and limits.

Decent rate at touchdown <1.0m/s

Nose to runway azimuth angle deviation at touchdown <=*5.0deg
Deviation from runway center <*+3.0m

Roll angle at touchdown < *22.7 deg

Rudder angle < +30.0 deg

6-3 Validity of design method

Figures 7(a) through (g) show results of altitude, rate of descent, roll angle, nose heading angle, sideslip
angle, and deviation from a runway center by computer simulations.

Figure 7(a) shows that in the glide slope phase, the control system is well tracking the altitude command.
Figure 7(b) shows that in both the flare I phase and the flare II phase, the control system is well tracking the
descent rate command. The descent rate at the touchdown is found to be 0.13 m/s, which meets the required
the target performance of 1.0 m/s or less.

- GS phase + Flare I phase

Figures 7(c), (d), and (e) show that the nose heading angle and the sideslip angle converges to about —4.3
deg and about 0 deg respectively within the first 2 seconds. Figure 7(g) shows that a y-directional position
tracks the command without any problem and meets the target performance of +3.0 m or less.

- Flare II phase

Figure 7(c) shows that the roll angle exceeds the command just after switching from the crab method (Flare

I) to the low-wing method (Flare II), but it tracks the command after that. Figure 7(d) shows that the nose

heading angle tracks the command without any problem, and the azimuth angle deviation at the touchdown is
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0.14 deg. Figure 7(f) shows the maximum rudder angle meets the limit of +30.0 deg. Figure 7(g) shows that
the maximum deviation from a runway center is 0.67 m, satisfying the target performance of +3.0 m or less.

From simulation results, the target performances of Table 3 are satisfied for the case of the crosswinds of 3.7

m/s.
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Fig.7 Results of computer simulations (crosswinds : 3.7 m/s).

6-4 Performance of resistance to crosswinds

Simulations were performed adding crosswinds up to 8.0 m/s in 1.0 m/s increments. The simulation results
show that the UAV can tolerate crosswinds up to 7.0 m/s under the roll angle limitation of 22.7 deg. Figures 8
(a) - (g) show results of altitude, rate of descent, roll angle, nose heading angle, sideslip angle, rudder angle,
and deviation from a runway center in a crosswind of 7.0 m/s.

Figure 8(a) shows that in the glideslope phase, the UAV is well tracking for altitude commands. Figure 8(b)
shows that in the flare I phase and the flare II phase, the UAV is well tracking the descent rate command. The
descent rate at the touchdown is 0.35 m/s, which meets the target performance of 1.0 m/s or less.

- GS phase + Flare I phase

Figures 8(c), (d), and (e) show that the nose heading angle and the sideslip angle converges to about — 8.0

deg and about 0 deg. within the first 2 seconds. Figure 8(g) shows that a y-directional position tracks the
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command without any problem and meets the target performance of =3.0 m or less.
- Flare II phase

Figure 8(c) shows that the roll angle is exceeds the command just after switching from the crab method
(Flare I) to the low-wing method (Flare II), but it tracks the command after that. In addition, the roll angle at
the touchdown is 22.4 deg and meets the limit of +22.7 deg. From Fig. 8(f), the maximum rudder angle is
—23.3 deg and meets the limit of £30.0 deg. Figure 8(d) shows that the nose heading angle tracks the
command without any problem, and the nose heading angle deviation at the touchdown is 0.64 deg. Figure 8(g)
shows that the maximum deviation from a runway center is 1.3 m, meets the target performance of +3.0 m or
less. From simulation results, the target UAV can tolerate crosswinds up to 7.0 m/s under the roll angle

limitation of 22.7 deg.
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Fig.8 Results of computer simulations (crosswinds : 7.0 m/s).

7. Conclusion

This study proposed a landing control design method to switch from the crab to the low-wing by using the
settling time of the nose heading angle control system.

It is confirmed that the validity of the proposed design method and meeting the all target performances by

computer simulation. It is also confirmed that the subject UAV is resistant to crosswinds of 7.0 m/s or less.
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Analysis of Development Costs and Airtaxi Service
Operating Costs of eVTOL Airplane
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In recent years, Advanced Air Mobility, which is both convenient and environmentally friendly, has been
attracting attention worldwide. The purpose of this study is to estimate the development cost and operating
cost of an eVTOL airtaxi service, and then provide suggestions on cost reduction. Statistical formulas were
used for each cost item and cost structure were analyzed. The break-even analysis was conducted to discuss
the number of eVTOL units and revenue. Results show that the ratio of manufacturing labor and material
costs to development costs is the largest factors in the development cost, and the cost of eVTOL units is
strongly dependent on the number produced and experience effectiveness. It was suggested that automation
of design, manufacturing, and equipment is expected to improve the quantity effectiveness and thus reduce
development costs. Capital and labor costs are the largest influencing factors on airtaxi service costs. It was
found that the autonomous flight offered a 27% reduction in operating costs compared to the piloted flight,
and it will provide the price competing with ground transportations. Also, results show that adjusting the

ratio of fixed to variable costs would decrease the break-even rate and lower the operational risk.

Keywords: eVTOL, advanced air mobility, airtaxi, development cost, operation cost
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7R3 o eVIOL MZekélcBILClZ 1 7 Hd 720 10 8%, 5 4T 600 #H % (million $)
WA BT 204, %I A FOKEEIL 674 million $ &, Y 1% R Cone 68
H7-0 OFIFE T A ML 1.12 million $ & S X, (SHEMELERR & A B33 Copy 17
ik ST ZO L L, BOEitg2S 1 #d 72 ) 4 1.5 million § & TATHER Cry 68
HEMENb, 1 FVI13B5HOAFKFL — M THET 2 L, BT A 1 Croow 35
M 909 5, 1#H7-0 12 HEMEINL, 55, FERE LS Cure 127
Zepk LRk, BEGEE EMEEPRD SN LT L €D SR TR Coc 36
)b, WRAERIE I A N 2Y28%, TEEMLL D EA L HEMER L A R Cuar 123
EovFa—4F—nNy 7)) =»Et 143% % 55, iitax b & AL Cuy 13
T A N ERETH I A MIAEI34.3%, BRIA LD 1/3 % 5D Tux7C, 42
bo ETTHL, BT, METEMIHEIRL VRO, 512 BEEHAER Cprop 54
ZNENOWHED G IUE AN A BELTE 2, ERONBIERICITE RNy 7 — G 90
NTC, BRE—F VAT LML BHEHESR T A N OBIEDS R S iz, R Coa 674
—J5, 1S IR Lz 6 00—y — 2L 72720, 10— Hifili Cora/ N 117

H— - TaXRFIIEHPDLTANDPEL ko, 72, eVIOL fitZe

OSSR (BEHEES AT 70RT) FELABEHEONT - L =2 EI3IZFEL 15%TH 5.
Ny T ) = IZOWTIEEREBEOY;E, 2023 EREATHIEK L -EEB MR I A MR 3IEE 50 TE
N, SHOWGEIER KR OEEMOEEE NI, EEBOEEIHMD LT, Z2~X, eVIOL fit

2RO A IIERM I X P 1I3BRETH 720, FERMOMISZEE 2RI A MIH5 25

B NN
E?%’Eﬁ)/} 73: W,



eVIOL ARSI A b &7 & 7 ¥ —H — Ao 2 MIB$ 25T 71

2.0% ¥ Manufacturing Sr
2.5% [ ]

5.2% 18.9% = Materials

=
T
[ ]

5.3%
= Battery

7y
g
=3 r *
= Engineering g .
: =27 helicopter ®
u Flight test E I eVTOL
= Propulsion L e °
es e 0o° °
= Propeller 0 1 1 1 )
Quality control 0 2,000 4,000 6.000 8,000
Fe RBETEE = [1b)
4 BRI A MNER 5 A1) a7% L eVIOL ¥ D HAlli ik

K5 IR WEDO AN LT 5 &, FEEEEFRK7 7 AD~N) 27575 eVIOL #HfiD 1.5 ~ 2 f5
THLIENThole BiZa5ELRMHEE L C3AEEREOHEMNTH Y, K& RFkfgIcmr 72
eVTOL 4 RSB~ OMEL T 5 b,

2-4 B X MHIR

HEPERR R L EHRIIBS O A MO D BT S, B 6 ICAEMEIC L 2380 A MAOFREZ IR, A
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BHEKREL D, T2TRY FIF61E, BIFI A MC—EOFMRE 202 THAM 1.0, 1.2, 1.4 million $ |2
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%3 Joby 4 DIRITFT— % F4 BRI MEEDIESN
& [kWh] H S T A—% R/ [N
Bk (i LA 13 150 ft % ¢ 100 fpm g RATIEERT h) | 12,000 | 25,000
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ATy ME1£H 720 EMIRR 500 RATEER & L, 15 72 0 ERRRATH TR T 2 &, 1B 720
W84 8y b 38HAIET 5 I EDGh o7z FRMEERATHFRIL 120 ~ 200 $ & L, fEtkprfE 72 & onA
B 20%a L35, 72, A0y FOFEMIIHEH Y —E4 15,000 $ &35, EEGELRITOSE L,
b NIZ 1 BFEOBINE # EEGEE L ORE ISR 5. EflLORFE20~50$ & L, 1 H7HMICEET
%o Bl OFEMINEHEEH % 7,500 ~ 15,0008 £ 3 5.

ZOREFE, TIH-BHM O 1M 72 ) IHAELRITICE 22 AMEEAT89 $ TH 1, ERHELRITOSE
(dH BRI RIS A AMEED 21812420, BRI XM 27%sHIIRTE D 2 &5 o72. BRTIE 1
720 1 M E R 208 L7ze RATRIINC £ » CHEREZ FFICEHI T2 L QWHETH 5o I
PRt RAT 2 EB T UL, AMEE 2 KIECHRT 2 2 LR TE %,

3-6 #WEEHFEIX b
FAEAG O A MEETIE, DTOZNNT XA =5 ZHTRADLHIZEHRTE S,
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Z 2 C, Mechanic Wrap Rate \3% 01 OB 4G, MMH/FH (3 A ERATE R4 250 TEOLE, ¢,
BHRATI v Y a VHEO#EPICBIT A EEI v Y a VB TH S,

R IIRT L) IIHATHER 6§ 2 0l T O = MMH/FH 35 ROHETIEGAT—F 2 2E LT
0.62 [ZFXE L7ze F72, H RERRRIRH 2 &0 7o P EATRE % 30 0 L BET 5 &, 1 HOEITHIZ 20 $ O
AVTFF Y ATANDPEET D,

37 % O fb

DEOBBODIN, FHEEPEFEEEIIHVROLEANH L, 22T, LR LITDT, A5
HHE2E LTI A M LTHEET A N 15% & RBE 3%, 72, PUasiox L TRIZEER20% % 5 E L 72,0

R ofEstcid, EHICHE) Mg a2 & LTICAO (EEERMMZERRE) oMFHficL s eika
A FDORI10 ~30% %5 ELTWAHEWIFERERL Tz, MEEMBEOHEBIZTFHIA N, 5T A b
JLTy M= FREFEHR, ~—7 747 aAb el hdE05, NS5O T A% UTM (Unified
Threat Management : #i S ZWE) AT LAIANTILEDLE, BIZA MO 15%BDORMBET A M AR
E L7,

3-8 EITAXAMDEED

1R E eVIOL @ Joby S4 & Hl\ /227 4 7 ¥ —H— Y A Tld, HAREAE 60 km  CFIH R H 2254 H)

RRAT L7285, MEM T A ML, BEELRITONE 305, MEEELRITOW A 2238 L ko7, F10 &

(2)

Maintenance Cost = Mechanic Wrap Rate X

R 10 JIH-pHRE eVIOL #:#EAT 2 A F AER

PRt L RAT SRR LTRAT

$ /3L RERLIE $ /1A RERLIE
BEARIA B 102 33.4% 102 45.8%
N2 89 29.1% 21 9.4%
Ny 7 —aA b 10 3.3% 10 4.5%
AT A b 9.6 3.1% 9.6 4.3%
477 3aAb 20 6.5% 20 9.0%
AYTF U ATAR 20 6.6% 20 9.0%
¥ A b 46 15.0% 33 15%
GREFa A b1 BIERT 305 100% 223 100%
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= Capital cost = Capital cost

= Pilot cost = Indirection cost
# Indirection cost = Pilot cost
Maintenance cost Maintenance cost
= [nfrastructure cost = Infrastructure cost
= Tnsurance cost = Battery cost
= Battery cost = Electric cost

u Electric cost ® [nsurance cost
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