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ABSTRACT

The primary objective of this research effort is to identify failure modes and hazards associated with
several configurations of multicopter concept vehicles supplied by NASA. Functional hazard analyses
(FHA) and failure modes and effects criticality analyses (FMECA) are performed for each of the eight
vehicle configurations under review. Conceptual design of notional powertrain configurations (turboshaft,
electric, hybrid electric), notional thrust control systems (rpm control and collective control), and
navigation control systems for the concept vehicles were to support the reliability and safety analysis and
to assess whether a mission can be completed safely. Two kinds of analyses are performed: static safety
analysis which enable the quantification of the likelihood of individual events, and dynamic safety analyses
which allows the investigation of multiple time-dependent failures. Their objective is to quantify the
likelihood of catastrophic failures.
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1 INTRODUCTION

Increasing urban sprawl and increasing population around the globe exacerbate urban and
suburban mobility challenges. Traffic congestion in and around urban centers have increased steadily
over the years and have significantly slowed down daily commutes [1]. This increase has led to a
renewed interest in Urban Air Mobility as a means to alleviate and bypass congestion on the ground.
Urban Air Mobility (UAM) is typically defined as the transportation of passengers aboard small capacity
vehicles within large metropolitan areas. These new operations aim at reducing commuting times by
flying over road traffic. Vertical Takeoff and Landing (VTOL) aircraft have been investigated extensively
for these operations and many VTOL-capable configurations have been proposed by the industry. It is
however unclear how these various configurations compare to each other in terms of safety, and how
challenging their respective path to certification will be.

In Section 1, we provide some background information about Urban Air Mobility, the objectives of this
research, and the vehicle configurations chosen for investigations. In Section 2, we present the
methodologies and assumptions. In Section 3, we provide an overview of the vehicle and system
architecture. In Section 4, we go over the details of the modeling of vehicle flight dynamics, the
powertrain, the guidance and navigation system, as well as the faults. In Section 5, we present the
results of the static and dynamic safety and reliability assessments. Finally, in Section 6 we present our
conclusions and recommendations for the future work.

1.1 Background

As urban populations increase all over the world, the strain placed on the existing transportation
infrastructures leads to increasing traffic congestion and significant increases in commute times. Traffic
congestion on roads stifle economic growth and adversely impact the environment. Yet, few options
seem available to alleviate road congestion and a paradigm shift is needed to yield faster, cheaper, and
more environmentally responsible forms of inter-urban and intra-urban transportation. As many land-
based solutions designed to reduce congestion are hampered by combination of regulatory concerns
and land availability related issues, UAM is proposed as one promising solution with the potential to
mitigate some of those challenges. UAM operations currently envisioned require a limited ground
infrastructure and a small ground footprint—provided that the safety and regulatory requirements as
well as environment concerns regarding noise due to flight over congested areas can be satisfied.

Personal Air Vehicles for urban and suburban air mobility operations have been investigated for
many decades [2] [3] and have been on-going for several years in cities such as Sao Paulo, Mexico City,
and New York. The recent convergence of seemingly unrelated technologies in electric propulsion,
supervised automation, autonomy, navigation, as well as the establishment of new On-Demand
Mobility (ODM) paradigms for urban mobility stemming from the proliferation of ridesharing services
worldwide have the potential to significantly speed up the development of Urban Air Mobility
operations. A whitepaper from 2016 [4] highlighting the possibilities of UAM had a catalyst effect on
the industry. Significant capital investments in startups and established companies alike have followed
with the intent to accelerate the development and certification of new vehicles fulfilling the
requirements of these operations.
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The potential of urban air mobility is best illustrated by the Cambrian explosion of new vehicle
architectures and new vehicle concepts that have been proposed during the past decade. These are
currently at various stages of development: some designs are at the preliminary design stage, some
designs are already flying, and some are nearing certification [5]. While some aircraft designers have
focused on super Short Take-Off and Landing (STOL)-capable vehicles, a majority of designers have
devised Vertical Take-Off and Landing (VTOL)-capable concepts in order to minimize the footprint of
the supporting ground infrastructure. Many such concepts have been proposed to satisfy the emerging
market of point-to-point air taxi operations. Within the subset of VTOL-capable aircraft, a variety of
configurations exist, as illustrated by the wheel of fortune of Hirshberg [6] [7].

Figure 1: Wheel of fortune for e-vtol vehicle concepts [7]

To aid in research pertaining to these vehicle concepts, NASA developed four concept vehicles as
part of the Revolutionary Vertical Lift Technology (RVLT) project to identify crucial technologies,
define research requirements, and explore a range of propulsion systems. Among these four concepts,
there exists a wide range of possible propulsive architectures. In recent work, Boeing examined failure
modes and effects associated with the powertrains of the four RVLT concepts [8]. In the conclusion of
this study, the recommendations were made to perform more pointed safety and reliability analysis for
a subset of the configurations. Based on those suggestions, NASA has elected to focus on multirotor
configurations for a subsequent research effort. The present research explores the safety and reliability
impact of three major vehicle configuration decisions impacting these multirotor vehicles, namely the
number of rotors, the selection of control strategy, and the propulsion architecture.
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The safety assessment carried out in this report follows the European Union Aviation Safety Agency
(EASA) guidelines titled “Special Condition, Vertical Take Off and Landing (VTOL) Aircraft” [9]. This
special condition details tailored specifications addressing the unique characteristics of these vehicles
and their operations. It prescribes airworthiness standards for the issuance of the type certificate for a
person-carrying VTOL-aircraft in the small category, with lift and thrust units used to generate powered
lift and control. This document is used as a guideline for the classification of the severity of failures and
the maximum likelihood targets associated with the various severities of failures. This classification
helps benchmark the safety-related strengths and weaknesses of the various configurations of
multirotor systems, and highlights where additional research is warranted to meet expected
certification requirements.

1.2 Research Objectives

The objective of the research presented in this report is to identify failure modes and hazards
associated with the six different configurations of multirotor under review, to perform functional hazard
analyses (FHA), and to perform failure modes and effects criticality analyses (FMECA) with the intent to
highlight the safety implications of major design differences related to the vehicle architecture, its
propulsion system, and its flight dynamics and control. This research also recognizes the time
dependencies associated with some failures and thus emphasizes the investigation of transient behaviors
and the timing of failures. More specifically, this research aimed to accomplish following objectives:

e Perform a conceptual design of powertrain configurations for each of the multirotor configuration
under review, starting from the NDARC design [10], in as much detail as necessary to perform subsequent
elements of this research and respond to a series of technical questions raised by NASA.

e Based on the process outlined in the previous RVLT Boeing study [8], perform propulsion
subsystem-centric reliability assessment of each of the proposed configurations. Compare and contrast
various architecture choices based on the reliability assessment.

e Develop physics-based flight dynamic simulation models for each concept aircraft and its
propulsion and control subsystems

e Using the dynamic behavior simulation models, perform a dynamic safety assessment to analyze
the impact of various component and system failures on overall aircraft safety. Various combinations of
the failure types, their magnitudes, orders and injection times are considered to understand the complex
flight behavior and subsequent safety implications are noted in terms of safety level achieved.

e Based on the static and dynamic safety/reliability assessment, weak points of the architectures
are highlighted and recommendations are made in terms of reliability improvements in the aircraft
component and /or features needed to meet the required safety likelihood of 10 or less per flight hour
for failures deemed catastrophic, as recommended in the EASA Special Condition for small-category VTOL
aircraft [9].

The first set of analyses aims at assessing the impact of the choice of number of rotors on the safety
of the vehicle and a configuration featuring six rotors is compared to a configuration featuring eight rotors.
Questions related to the comparative assessment of the number of rotors are related to Table 'A'.
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Table 1: Table 'A'

General Number of Rotors Number of Cross-Shafting Propulsion Collective or
Configuration Motors (YES/NO) RPM-Control?
Hexacopter 6 1 or more per NO Electric RPM
rotor
Octocopter 8 1 or more per NO Electric RPM
rotor

The second set of analyses aims at assessing the impact of the thrust control choice. Thrust control
for electrically driven multirotors can be achieved via controlling the rotational speed at which the rotors
are spinning or via actuation which changes the collective pitch of the blades. Questions referring to the
comparative assessment of the thrust control systems are related to Table 'B’.

Table 2: Table 'B’

General Number of Rotors Number of Cross-Shafting Propulsion Collective or
Configuration Motors (YES/NO) RPM-Control?
Hexacopter 6 1 or more per NO Electric RPM
rotor
Hexacopter 6 1 or more per NO Electric Collective
rotor

The third set of analyses aims at assessing the impact of the powertrain configurations and its
associated energy storage for a quadcopter design. In the first option, fuel provides energy to one or two
turboshaft engines (the NDARC model supplied by NASA and used as a blueprint to model the vehicles
features two turboshaft engines for redundancy) that are supplying mechanical power to the rotors via
the cross-shaft system. In the second option, fuel provides energy to a single gas turbine which supplies
mechanical power to a generator which supplies electric power to the various electric motors powering
the four rotors of the quadcopter. A backup battery is also present to provide emergency power for a
limited amount of time. The battery is sized to provide energy and power during an emergency landing in
case the single gas turbine fails. In the third option, a battery-array provides electric power to the electric
motors powering each rotor of the quadcopter. For all configurations, a cross-shaft system is used to
ensure that a failure to supply mechanical power to any of the four rotors does not immediately lead to a
catastrophic event. Questions referring to the comparative assessment of the powertrain systems are
related to Table ‘C'.

Table 3: Table ‘C’
General Number of Rotors Number of Cross-Shafting Propulsion Collective or
Configuration Motors (YES/NO) RPM-Control?
Quadcopter 4 1 or more per YES Electric Collective
rotor
Quadcopter 4 1 or more per YES Hybrid electric Collective
rotor
Quadcopter 4 1/21 turboshaft YES Turboshaft Collective
engine(s)

1 NASA-supplied NDARC file had two turboshafts for the fuel-powered quadcopter
18



March 2021 Final Report, Reliability and Safety Assessment of Urban Air Mobility Concept Vehicles,
Contract No. 80ARC020F0055, GTRI Document No. D9015A001R2, April 2021

Besides these comparisons across architectures, several design considerations, and their impacts on
the reliability of components, are investigated as part of this research which include:

o Impact of voltage and current levels on the reliability of the electric powertrain components

o Impact of liquid versus air cooling on the reliability of electric motors and their controllers

o Impact of repeated overcharging and excessive discharge rates on the longevity of the battery
o Impact of the power profile and related duty cycle on electric components

o Impact of the Hybridization strategy

1.3 Vehicle Configurations

For this study, six configurations were chosen, as shown in the Table 4. As per the number of rotors,
each configuration was identified as either a quadcopter (4 rotors), a hexacopter (6 rotors) or an
octocopter (8 rotors). All quadcopter architectures include interconnecting shafts, also known as cross-
shafting for emergency conditions. These are controlled by an actuator-based collective control system
that varies the pitch angle of all rotor blades collectively (at the same time). There are three variants of
qguadcopter configurations based on the propulsion system choice: all electric (which contains one or
more electric motors per rotor), hybrid-electric (which contains a gas turbine, a generator and one or
more motors per rotor) and twin-turboshaft engine configuration. On the other hand, hexacopter and
octocopter configurations are all driven by a fully electric powertrain. The hexacopter configuration has
two variants: one features a collective control while the other features a RPM-based control. Octocopter
is configured with RPM-based control. Each vehicle is designed to carry 6 passengers bringing the total
payload to 1200 Ibs and a design range of 75 nm.

Table 4: Summary of all vehicle configurations under review

Configuration No. of Cross-shafting Propulsion Control type
Rotors

Hexacopter 6 No Electric Motor* RPM

Octocopter 8 No Electric Motor* RPM

Hexacopter 6 No Electric Motor* Collective

Quadcopter 4 Yes Electric Motor* Collective

Quadcopter 4 Yes Hybridelectric with Turbine, Collective

Generator and Electric Motor
Quadcopter 4 Yes 2 Turboshaft Engines Collective

*One or more motors per rotor
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1.3.1 Quadrotor Vehicles

Figure 2 through Figure 4 show the quadcopter vehicles with their overall sizing dimensions.
Depending on the type of propulsion system, there are three variants: quadcopter electric configuration
or quad-electric, quadcopter hybrid configuration or quad-hybrid and quadcopter turboshaft
configuration or quad-turboshaft. All quadcopter configurations are equipped with interconnecting
shafting or cross-shafting, which allows for a redistribution of mechanical power in case of emergency.
The tip speed of all three configurations is set at 550 ft/s, and the rotor radius is 9.2 ft which results in the
rotor speed of 571 RPM. Table 5 shows the engine/motor power and gross weight for the three
configurations. The quad-electric is configured with four 112 hp electric motors which are driven by a
battery pack which results in higher gross weight as compared to other configurations. The quad-hybrid
contains one turboshaft engine with an Maximum Continuous Power (MCP) rating of 737hp coupled to
an electric generator that provides electric power to four electric motors with a MCP rating of 106 hp. The
vehicle also contains a battery for storage in case of emergency. Finally, the quadcopter turboshaft is
equipped with two turboshaft engines that provide the power to the four rotors.

Quadmtov Electric

Y \//\

Rotor Radlus 131 ft

Figure 2: Quadcopter electric vehicle

Quadrotor Hybnd

2011t 7/\
/
/7 e
Rotor Radlus 10.8 ft

— / ’v‘__;_ /“-¢ e
\/ _—

Figure 3: Quadcopter hybrid vehicle
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Quadrotor Turboshaft
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Figure 4: Quadcopter turboshaft vehicle

Table 5: Quadcopter Power and Gross Weight per Configuration as provided by NDARC

Configuration H Engine/Motor Power Gross Vehicle Weight
Quad Electric 112 hp 6,469 |b
Quad Hybrid 107 hp 5,115 b
Quad Turboshaft 240 hp 3,734 b

1.3.2 Hexacopter Vehicle

The hexacopter vehicles are shown in Figure 5 & Figure 6 for the two variant configurations based on
their control strategy: variable pitch control and variable RPM control. The hexacopter has evenly spaced
rotors in a grid where the front motors are lower than the rear motors. The hexacopter vehicle
configurations are fully electric, with six electric motors powered by batteries. The tip speed of both
hexacopter configurations is set at 550 ft/s and their rotor radius is 11.9 ft which results in the rotor speed
of 441 RPM. As shown in Table 6, differently sized motors are installed on the hexacopter; less powerful
motors are in the front and motors with higher power rating are in the aft. As will be shown in this study,
more power in the rear motors is required for vehicle trim during transient maneuvers and especially
during cruise operations.
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| Hexacopter Variable Pitch |

Figure 5: Hexacopter Variable Pitch Vehicle

| Hexacopter Variable RPM | 25.2 ft
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Figure 6: Hexacopter variable RPM vehicle

Table 6: Hexacopter Power and Gross Weight per Configuration as provided by NDARC

Configuration Motor Power Gross Vehicle Weight
Motor 1 and 2: 74 hp
Hexacopter Variable Pitch Motor 3 and 4: 82 hp 6,655 Ib

Motor 5 and 6: 91 hp

Motor 1 and 2:68 hp
Hexacopter Variable RPM Motor 3 and 4: 77 hp 6,211 lb
Motor 5 and 6: 83 hp
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1.3.3 Octocopter Vehicle

The final configuration is the octocopter vehicle shown in Figure 7 with a variable RPM control
strategy. The octocopter vehicle is fully electric with power provided to the motors by battery system. As
shown in the Figure 7, the front rotors are located at the lowest vertical distance on the vehicle while the
rear motors are located at the highest vertical distance on the vehicle. The eight motors are configured
evenly in a rectangular pattern. Table 7 shows the electric motor power and gross weight for the
octocopter. Similar to the hexacopter configuration, the lower powered motors are located at the front
while the higher power motors are located at the aft. The tip speed of both octocopter configuration is
set at 550 ft/s and their rotor radius is 9.5 ft which results in the rotor speed of 553 RPM. Again, more
power in the rear motors is required for vehicle trim during transient maneuvers and especially during
cruise operations.

Octocopter Variable RPM | 229ft v—’_’«wﬂ
D ol
e \/"” \/”’

»__—-» » | Rotor Radius: 9.5 ft |
rd IEREL 1.43 ft e 1.43 ft

D e ———— 5 1

Figure 7: Octocopter vehicle

Table 7: Octocopter Power and Gross Weight per Configuration as provided by NDARC

Configuration Motor Power Gross Vehicle Weight

Motor 1 and 2: 58 hp

] Motor 3 and 4: 64hp
Octocopter Variable RPM Motor 5 and 6: 67hp 6,846 Ib

Motor 7 and 8: 75hp

1.4 Mission Description

The UAM mission for the safety assessment follows the design mission described in the NASA-supplied
NDARC (NASA Design and Analysis of Rotorcraft) [11] materials. The vehicles are sized for a desigh mission
consisting of two back and forth segments (without energy recharge at the first destination) shown in
Figure 8. Each segment of the mission is 37.5 nm (43mi) long for all vehicle configurations. At the end of
the second segment, an added reserve mission of 18.8 nm (21.6mi) is included for the diversion. For
comparison, San Francisco Central Business District (CBD) to San Jose CBD distance is about 41mi; Denver
International Airport (DEN) to Denver CBD distance is 21mi; Denver International Airport to Boulder is
31mi, and New York John Fitzgerald Kennedy Airport (JFK) to Wall Street in Manhattan is 13mi. The origin
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and destination are at an elevation of 6,000 ft which is slightly higher than the elevation of Denver. The
main cruise segments are at 10,000 ft (4,000 ft above the ground). The final reserve segment is performed
at 6,000 ft. Standard atmospheric conditions assumed throughout the mission. Since various vehicles
configurations climb and cruise at different velocities, the distance covered during the climb and the time
necessary to complete the overall mission varies. Various climb and cruise velocities for the vehicle
configurations are provided in Table 8. These velocities are not always consistent with the specification of
the NDARC files, but they result from adjustments needed based on the limitations of the linear simulation
models provided by NASA.

Veruise Veruise

10000 ft

ROC
-500 ft/min

ROC
900 ft/min

ROC
900 ft/min

Velimb

HOGE HOGE
8. RroOC 100 ft/min ROC -100 ft/min

7'HDGE HOGE

HOGE
ROC -100 ft/min 3.

6050 ft %%

ROC 100 ft/min 19, Vresere 13.

HOGE

6000 ft

37.5nm 37.5nm 18.8nm

Figure 8: NDARC UAM Design Mission

Table 8: Climb, Cruise and Reserve Velocities of Vehicle Configurations

Configurations Quac! Quafi Quad Hexa' Hexa Octo
Electric Hybrid Turbo Collective RPM RPM
Vcruise 102* kts 120 kts 120 kts 102* kts 92* kts 92* kts
Vclimb 102* kts 120 kts 120 kts 102* kts 92* kts 92* kts
Vreserve 56.5 kts 57.3 kts 57.3 kts 56.5 kts 56.5 kts 56.5 kts

* These values were slightly adjusted to overcome the limitations of the linear models provided by the NASA
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2 METHODOLOGY AND COMMON ASSUMPTIONS

The purpose of this section is to detail an overall approach and the assumptions made during the
safety assessment. We first describe the techniques and methods used, then we describe how the
guantification of likelihood is made, next we define the criticality of failures, and finally we describe the
type of failures considered.

2.1 Overall safety assessment approach

In order to accomplish the noted research objectives, this research was divided into six tasks, shown
in Figure 9.

1

__| Review of Government Supplied
Material and References

System Modeling Process

1 1
1 1
124 2B 4 !
1 1
N Vehicle Architecture [—>{ System Architecture Dynamic Vehicle & !
! Definition | Definition System Modeling !
i i
lmcemee s I I e S R i
3A 3B
Vehicle Functional |—»{ System Functional
Safety Assessment [ _[ Safety Assessment

Analysis Analysis

System Safety _,‘ Dynamic Reliability

Figure 9: Overview of the Technical Approach

1. Literature Review: The study began with the review of technical publications provided by NASA. In
particular, first phase RVLT conceptual design related publications and safety assessment reports
were studied [8] [12] [13]. The proposed concept aircrafts for this research (see Section 1.3) were
designed using a NASA conceptual design and sizing tool for vertical lift, NASA design and analysis of
rotorcraft (NDARC) [10] [11] [12] [14] [15]. NASA provided the NDARC models and linearized stability
& control derivative models of the bare-airframe dynamics for the proposed aircraft configurations.
Thorough review of the models helped the team identify additional sub-models needed to simulate
the dynamic response of the vehicle configurations to various failure effects.

2. Vehicle (2A) and System Architecture (2B) Definition: For each of the six proposed configurations,
conceptual powertrain configurations are developed with enough detail to support the safety and
reliability assessment. Architecture drawings or stick diagrams are created to identify major
components (e.g., motors, gearboxes, etc.) in the drivetrain system, to define required component
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models, and to establish major modeling assumptions. Functional block diagrams (FBD) are generated
to support safety analyses in the future. For more information on stick diagrams and functional block
diagrams, please refer to the RVLT Boeing safety analysis report [8]. Stick diagrams and functional
block diagrams for all six configurations are detailed in Section 3.

3. Vehicle (3A) and System Functional (3B) Safety Assessment: The functional hazard assessment (FHA)
is performed to identify the conditions that may result in the functional failures and then to classify
those according to their severity. By using functional block diagrams as the basis, the failure modes,
effects and criticality analysis (FMECA) is performed to further identify the component failure modes
and their subsequent effects at the system, and ultimately at the aircraft level. Based on the effects
identified in FMECA, it is determined whether a transient analysis is required to model a component
failure. For example, the response time of an electrical cable may be fast enough that a detailed
transient model is not required; however, the failure of an energy storage device may require a
transient model of the gas turbine generator due to the time required to throttle up and replace the
power loss. For more information on the FHA and FMECA approach and terminology, the reader is
referred to the RVLT Boeing safety analysis report [8]. The results of FHA and FMECA for all six
configurations are discussed in Section 5.

4. Dynamic Vehicle and System Modeling: A dynamic vehicle model and associated propulsion system
models are developed for the simulation of all six proposed vehicle configurations. Additionally, the
models allow the simulation of aircraft response to various powertrain component failures. The
outcome of this task resulted in a flight dynamic behavior simulation environment compatible with
the dynamic event tree framework described under Task 6. The dynamic behavior models are
developed in MATLAB programming language, and the modeling approach is described in detail in
Section 4.

5. Vehicle and System Reliability Analysis: In this task, fault tree analysis (FTA) is performed to predict
overall reliability of the aircraft. Using Reliability Workbench® software [16] , the fault trees are built
with a top-down, deductive approach that uses Boolean logic to identify a series of low-level events
that may result in the top event, usually an undesired system state also known as system failure
condition. For this study, loss of power transmission is considered as the top-level failure condition
for the aircraft. The outcome of this process is an overall reliability assessment for the power
transmission of all vehicle configurations. The analysis also helps identify key components that impact
overall aircraft power transmission reliability. A thorough literature review is performed to identify
and substantiate the failure rates of all the components considered safety-critical for the FTA analysis.
Alterations to the system architecture design (for example, in the form of redundancy) are explored
to identify any reliability gains. Using FTAs, many of the configuration-specific questions posed by
NASA are addressed (see Sections 5.1.4 to 5.1.6). The failure rates are also propagated to the Dynamic
Safety Assessment framework (Task 6) to calculate the outcome probabilities or likelihood values (for
more details, see Section 2.2). For more information on the FTA methodology, please refer to the
RVLT Boeing safety analysis report [8]. The results of FTA are discussed in the Section 5.1.3.

6. Dynamic Safety Assessment: While static reliability/safety analysis (e.g. FTA) describes the fault
topology, it does not account for the timing of the relationship between faults and their propagation
intime. For example, a single motor failure may or may not result in catastrophic outcome (depending
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on whether aircraft is flying in OEl avoid region). However, due to common cause failures, such faults
may occur in more than one motors at a time, which may result in multiple hard or soft failures of the
components simultaneously. In such cases, it is not certain how the system-level malfunction may
affect overall aircraft behavior. Also depending on the flight phase at which such component failures
occur may dictate the nature and severity of the final outcome of the scenario at the aircraft level. A
way to capture these transient relationships between the faults and their propagation is by using
Dynamic Event Trees (DETs) approach [17] [18] . In principle, DETs are similar to the traditional event
trees (ETs) except that unlike ETs, where the sequence of system responses following initiating events
is predetermined by the analyst, both the timing and sequence of system responses with DETs are
determined by a time-dependent model of system evolution (simulator) and branching conditions
selected by the analyst (e.g. motor in normal operation, motor in degraded operation, motor failed
etc.). In addition to allowing the consideration of both the epistemic and aleatory uncertainties within
the same phenomenological and probabilistic framework, the use of DETs also lead to a more
comprehensive and systematic coverage of possible event sequences than the traditional Event
Tree/Fault Tree approach and allow consideration of hardware / process / software / human
interactions in a consistent manner [19].

Figure 10 illustrates the DET approach for a three-stage process. The DET generation starts with an
initiating event (e.g. vehicle takes off) and follows the evolution of each event sequence (scenario)
under consideration using the simulator. When system conditions as reflected by the simulator are
appropriate for a branching condition to occur (fault injection, for example), the simulator is stopped,
and a new set of inputs are generated for each possible scenario. The collection of the possible
scenarios forms the DET. The probability of branch occurrence is either input data or quantified using
the failure rates of an FTA. The output of DET is a set of possible sequences of events with their hazard
severity classification and their probabilities.
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Figure 10: An example DET with branching probabilities quantified by FTs
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2.2 Probability Calculations

All component failure rates (A) are assumed constant for this study, (i.e., the equipment is operating
in the flat portions of the reliability “Bathtub Curve”). Failure probability or unreliability for constant
failure rates is calculated using the following equation:

Q=1—-e* (1)

When At << 0.1 (applicable to all component failures in this study), Equation (1) above can be simplified
and yields Equation (2):

Q=1t (2)

Forthe FTA, to be consistent with the previous study performed by Boeing [8], the mission time is assumed
as one hour. For the DET calculations, the time at which the fault is injected in the simulation is used to
calculate the branch probabilities. When two faults are injected, the injection is done randomly and the
failures are assumed to be independent events. Therefore, the final conditional probability values for any
branch is calculated by multiplying the failure probabilities of all events that occurred on that branch. For
example, if two faults with failure rates A; and A; are injected at time t; and t; and these two failures result
in a catastrophic outcome, then the final conditional probability value of the catastrophic event is defined
by Equation (3):

Q =01 Q= A1ty - A3ty (3)

A cutoff probability value of 10 is set in order to exclude all possible fault scenarios for which the
simulations are not needed due to the very low likelihood of the event. The likelihood of events resulting
in catastrophic outcomes is compared against the benchmark catastrophic outcome likelihood value of
107 set forth for enhanced category vehicles in EASA special condition for small-category VTOL aircraft

[9].

2.2.1 Hazard Classification

Severity is divided into four categories as defined in MIL-STD-1629A [20]. Severity category is assigned
to provide a qualitative measure of the worst potential consequences resulting from design error or item
failure. The hazard severity classifications are described in Table 9.

During the DET simulation, the aircraft behavior is monitored at each time step. In cases when there is a
deviation from the nominal flight behavior, based on the severity of the observed behavior, a hazard
condition flag (Minor, Major, Critical, and Catastrophic) is assigned to the simulation branch. The
assignment automatically occurs when one of the observed flight parameters reaches a certain threshold
value. For example, if the rotor RPM drops below a prescribed cutoff value, then “RPM too low” flag is
triggered and based on the RPM value, a hazard condition flag is assigned to the event. In subsequent
time steps, if the severity level increases, the flag variable is over-written by the new assignment of the
appropriate hazard condition. A list of all hazard condition flags with their severity classification based on
the flight parameters is provided in the APPENDIX O.
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Table 9: Hazard Severity Classification used in FMECA and DET analyses

Category Severity of Effect

Catastrophic: A failure which can cause a loss of aircraft and/or death of its

|
occupants.

Critical/Hazardous: A failure which can cause severe injury, major property damage,
or major aircraft damage which will result in mission loss.

Marginal/Major: A failure which may cause minor injury, minor property damage,
11 or minor aircraft damage which will result in delay or loss of availability or mission
degradation.

Minor: A failure not serious enough to cause injury, property damage, or system
damage, but which will result in unscheduled maintenance or repair.

2.2.2 One Engine Inoperative (OEI) Condition

For the safety certification of the aircrafts with conventional twin gas turbine engine propulsions
systems, One Engine Inoperative (OEIl) condition signifies the performance requirements of the aircraft in
case of single gas turbine engine failure which results in reduced safe-flight envelope. For the sake of
simplicity and consistency with the previous research performed by Boeing, such performance
requirement for all configurations is identified as OEl Condition. The condition means that the
combination of one or more critical powertrain related failures—e.g. single motor failure, also known as
One Motor Inoperative (OMI), Rotor Gear Box (RGB) failure etc...— may result in loss of lift necessary to
continue the flight in certain flight envelope or OEl Avoid Region. Therefore, in this report, OEl signifies a
condition, it does not necessarily describe what physically occurs to an aircraft engine which may or may
not be present in the architecture under consideration. On the other hand, OMI signifies single motor
failure which is a physical fault related to the electric drive of an aircraft with distributed electric
propulsion (DEP). The aircrafts are uniformly assumed to spend 25% of their flight time within the OEI
avoid region, in which function loss of single rotor will result in power required exceeding power available
and a hard landing sufficient to cause catastrophic damage to the aircraft or its occupants.

2.2.3 DET Scenario Design

In DET analysis, the scenarios are generated by introducing component faults (or failures) at discrete
points in time during the mission. In this report, each such point will be called fault injection point (FIP).
For this study, four discrete injection points per mission segment (total 8) are chosen (see Figure 11).
Takeoff and climb phases are deemed as the two most challenging flight phases for all vehicles due to
their stringent power requirements; therefore, one FIP is allocated to each flight phase. Remaining two
FIPs are chosen for the cruise phase and descent & land flight phase respectively. Since the mission
contains two identical segments, in order to optimize the DET simulation runs, the flight simulator code is
modified to simulate only second segment of the mission. The FIPs for the second segment are numbered
5 through 8 (see Figure 11). For electric vehicles, appropriate adjustments to the initial conditions and
states are made to account for the energy utilized during the first segment of the mission.
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Figure 11: Mission schematic with the failure injection points

As explained in the Section 2.1.1, all single-fault probability values calculated at the four FIPs are greater
than the simulation cutoff probability of 101 Therefore, DET simulation scenarios include all single fault
injection-based simulations.

For two-fault scenarios, the faults are injected for following three combinations:

a. First fault in takeoff phase (FIP5) & second fault in climb phase (FIP 6)
b. First fault in takeoff phase (FIP 5) and second fault in cruise phase (FIP 7)
c. First fault in cruise phase (FIP 7) and second fault in descent & land phase (FIP 8).

Based on these chosen FIPs, DET simulations are performed for various two-fault scenarios for which the
calculated conditional probability values are higher than the cutoff probability. Scenarios with three or

more faults are not considered due to their extremely low conditional probability values (of the order 10°
18 or less).

For the DET analysis, the faults are grouped by the subsystems, as shown in Figure 12. The faults within
each group and their simulated effects are explained in detail in the Section 2.4.
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Figure 12: DET faults grouped by the subsystems

Figure 13describes example DET simulation scenario for electric quadcopter with two faults injected
during the second mission segment. The faults are injected during the takeoff (FIP 5) and cruise (FIP 7)
phases of the mission segment. First fault injection occurs in the electric drive (ED). Two different fault
types or more precisely, two different end-effect types, torque ripple and low torque are shown as
individual branches at time ts. In an actual DET, all possible electric drive faults are introduced at time ts,
however, for the simplicity, only two electric drive faults are shown in the figure. The DET simulation uses
two input vectors for the electric drive fault injection: state vector describing fault type for each of the
four electric drive and the fault vector describing the fault magnitudes. Similarly, for other system faults
(for example, for the rotor actuation system), state and fault vectors are prescribed as the DET inputs. As
shown in Figure 13, the second fault occurs in the transmission system at time t;. Six different transmission
faults (or end-effects) are considered for the DET simulation. Combination of the torque ripple fault of
magnitude 0.3 and all six possible transmission fault states generates six DET simulation branches,
outcome of each is determined by the dynamic vehicle simulation based on the physics-based vehicle
response to the faults injected while performing the mission. At each time-step, DET simulation is
continuously monitoring the vehicle flight parameters to check for any deviations from nominal mission.
In case a deviation occurs, the DET simulation assigns the branch a hazard condition flag (as explained in
Section 2.2.1). The likelihood values of each branch are calculated a priori since the fault injection times
are predetermined for the simulation. This ensures that only the scenarios which have final branch
conditional probability value greater than the cutoff probability are simulated.
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Figure 13: An example of the DET execution in a two-fault injection scenario.

2.3 Configuration Assumptions

Assumptions related to vehicle design, powertrain design, and safety assessment are reported in this
section. Some of the assumptions have been made considering discussion with NASA, information carried
over from NDARC [10], the previous study performed by Boeing [8], and experience of the team.

2.3.1 Electric drive and energy storage system assumptions

Each vehicle with electric propulsion or hybrid-electric propulsion is equipped with several electric
drives (EDs) and lithium-ion battery packs (BP) as shown in Table 10.

Table 10: Electric drives and battery pack components for the different architectures

. Number of electric Number of battery
Vehicle .
drives packs

Quadcopter electric 4 4
Quadcopter hybrid 4 1
Quadcopter turboshaft - -
Hexacopter 6 6
Octocopter 8 8
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Each electric drive consists of an electric motor (EM), an electronic speed controller (ESC) and a
related thermal management system (TMS). Many design options are available for EM and ESC depending
on the torque/speed requirements, overload capabilities, power density, dynamic response, efficiency,

noise, reliability, failure modes, and cost [21]. In this work, permanent magnet synchronous motors
(PMSMs) are considered due to their high energy density and low inertia compared to other electric
machines while the ESC is based on a three-phase voltage-source inverter. Each BP consists of lithium-ion

battery cells arranged in series and parallel (to achieve the desired voltage, power and energy level), a
battery management system (BMS) and a vapor cycle refrigeration system [8].

The ESC oversees the following functions:

1.

4.

Measure three phase currents, EM rotor speed, DC link voltage, EM temperature, ESC
temperature

Provide the electric motor with the proper voltage to achieve the desired torque reference
through Pl controllers

Enforce the power limits of the electric motor, ESC (continuous and peak operation) and battery
pack—ensuring the operation of the system within the components’ safe operating range
Diagnose and prognose faults in the ED

While the BMS is in charge of:

ok wnN e

Measuring cell voltages, BP current, and BP temperature

Calculating the state of charge (SoC) and the power limits

Enforcing voltage, current, and state of charge limits

Providing the ESC with the dynamic maximum power available from the BP for discharge or charge
Diagnosing and prognosing faults in the BP

Considering the state of the art of thermal management system for EDs [22], this work considers the

following:

1. The cooling loop of EM and ESC are not interconnected with the aim of increasing the reliability

2. Each EM is equipped with a forced liquid TMS connected to the transmission cooling loop
(medium transmission oil)

3. Each ESP has an independent liquid cooling system (medium water-glycol)

4. BPs are equipped with a vapor cycle refrigeration system

5. The cooling system is shared among all battery packs, and hence the failure of the BP cooling
system will lead to the failure of the battery packs

6. BP does not share cooling loop with the ESC (less risk of overheating the battery due to ESC
overheating, reduced weight and reduced piping losses)

7. Cooling loop control and operating temperature can be optimized for the specific component;

8. Because of their higher reliability, accessory gear drives (for pumps / fans, etc.) are chosen over
the electrical drives

9. Option of air cooling of EM and ESC is considered for the comparison purposes.
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Each liquid cooling system includes a pump, a radiator, a fan, pipes, and filters. The air cooling includes a
double-fan system and filters.

When possible, the electric components are sized by following the NDARC specifications [11].
However, a few adjustments had to be made and are reported in the Section 4.2. For the electric drive,
upsizing the system is often required to account for the system (in)-efficiencies. This electric drive design
is named GT-OSU ED. Additionally, the NDARC design does not consider the power required in case of a
motor failure. In some cases, the NDARC electric drive design is able to fulfill the mission requirements
even during a single motor failure, i.e. an OMI case; while in other cases, depending on the control strategy
and specific location of the faulty motor, the vehicle is not able to safely continue the mission. An
additional design strategy is proposed for this study, in which the electric machines are sized to supply
enough power for the OMI case. This electric machine design strategy is named GT-OSU OMI.

2.3.2 Vehicle modeling and control assumptions

The dynamic modeling assumptions provide some perspectives on the dynamic analysis of the vehicle.
First, the aircraft dynamic models consider the piecewise linear dynamic models provided by NASA for the
aircraft flight dynamics. Consequently, the models use the weight of the aircraft provided by NASA, and
are not affected by the different hypotheses relative to subsystem sizing, such as battery, electric
machine, etc., i.e. there is no sizing impact on the vehicle dynamics. Moreover, for the aircraft powered
by turbine (turboshaft and turbogenerator), the effect of fuel burn does not propagate on the vehicle
dynamics. The set of states of interest is also kept to the order provided by the NASA linear dynamic
models, and do not include other airframe states such as inflow states, structural vibrations, etc. There is
also no ground effect considered in the analysis of the aircraft behavior.

The mission is assumed to be mainly longitudinal, going from the starting location, climbing,
accelerating, decelerating and landing on a straight line. For the aircraft where no wind analyses are
reported, the longitudinal dynamics alone is considered.

For the controller, the aircraft has a perfect control feedback loop with no delay and sensor noise or
uncertainty. The only delays in the feedback loop are the delays inherent to the actuation mechanism,
such as the pitch actuator rate and the acceleration of the of the rotor for the RPM-control aircraft.

2.3.3 Safety analysis assumptions

The assumptions are classified according to the nature of analysis performed:

i.  Assumptions for static safety and reliability analysis which encompasses the FHA, FMECA and FTA
are described in the Section 2.2.4.1.

ii.  Assumptions related to the dynamic safety assessment using DET analysis are listed in the Section
2.2.4.2.

2.3.3.1 Static safety and reliability analysis assumptions
The Static Safety and Reliability Analysis in this study follows the guidelines of Society of Automotive
Engineers (SAE) Aerospace Recommended Practice (ARP) 4761 [23]. As in the previous Boeing study [8],
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the scope of the static safety and reliability analysis is to encompass the propulsion system for each air
vehicle concept. Therefore, many of the assumptions made in the Boeing study are included in this section
when applicable.

A separate FHA/FMECA/FTA is generated for each concept vehicle which combines aircraft level and
system level analyses. Systems aligned with, but not directly tied into providing propulsion for the air
vehicle are addressed to the extent that they affect the function of propulsion and rotating systems.

Typical component failures that result in the loss of propulsion are engine failures or individual/dual
motor failures, electrical (battery, low and high-power supply) failures, transmission related failures,
cooling failures (both liquid-cooling and forced air-cooling as applicable), actuator failures, and generator
failures.

One major contrast from previous Boeing study is inclusion of the hardware related flight control
system failures in the safety analysis. In order to compare the reliability of two different control strategies
considered in this study, loss of control due to actuator malfunction (in case of pitch-control aircraft) and
loss of control due to loss of a propulsor (in case of RPM-control aircraft)—both are considered.

The following safety related assumptions apply to all the configurations in this study:

e The UAM mission is intended to be flown over major cities to reduce congestion and travel time;
therefore, risk considered while classifying the functional failure related hazards includes the
assumption of flight over highly dense urban areas.

e Ground based hazards such as overheating during charging, arcing, and fuel leaks are not
considered for the safety analysis. Environmental systems, or other sub-systems that are
unaffected by the change from conventional propulsion to all-electric or hybrid-electric
propulsion are not generally assessed because the reliability and safety of such systems are
adequately addressed by existing regulations and known best practices. Those systems will only
be assessed to the extent that they uniquely interface into the propulsion system.

e Hazards for this study are limited to powered mission segments only. Autorotation flight is not
examined in this work. The ability to autorotate or maintain an intended flight path with primary
power turned off requires complex analysis and/or test, which is out of the scope of both the
static reliability analysis and the dynamic safety assessment.

e It is assumed that the aircraft starter system, whether electric or conventional APU starting, is
isolated from the primary propulsion system and hence is not included in the reliability/safety
analysis.

e For all electric and hybrid configurations, the low voltage battery which powers the ESC and the

FCC is necessary for speed control of the propulsor RPM. Loss of either of those components is
assumed to result in the loss of all propulsors.
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e Single propulsor failures are assumed to include following components that are critical for the
propulsor function: an overrunning clutch (OVR), electric motor (EM), ESC, low voltage (LV) ESC
Power, and high voltage motor power—HYV battery power.

e Single rotor function loss may occur due to a combination of failures (depending on the
configuration type):

o All electric and hybrid Configurations:
= Loss of single propulsor and cross-shafting, or
=  Loss of single rotor gear box (RGB), or
= Loss of rotor actuation (ACT) system (for collective-control vehicles)

o Quadcopter Turboshaft:
= Loss of single rotor gear box, or
=  Loss of rotor actuation system

e Impact of multiple propulsor failures on the controllability of an electric or hybrid-electric vehicle
varies depending on whether the faulty propulsors are diagonal to each other or not. For all non-
diagonal cases in architectures with no cross-shafting, dual propulsor failure is assumed
catastrophic in all flight conditions.

Cross-shafting related assumptions

In the cross-shafted configurations (all quadcopter vehicles), all four (4) rotors are interconnected via a
common collector gearbox and associated drive-shafts. A loss of a single propulsor is minor at altitude,
and only potentially catastrophic when the air vehicle is being operated in the OEl avoid region. In case of
a failure of a cross-shaft, a switch in the controller logic will allow continuation of the desired operation
of the isolated rotor. However, failure of a single gearbox will result in the total loss of torque to the
connected rotor and is assumed as catastrophic due to lack of thrust and due to controllability issues.
Also, loss of dual propulsors will result in inadequate thrust, and hence is considered catastrophic. For the
aircrafts without cross-shafting, either dual rotor loss (in case of hexacopter vehicles) or triple rotor loss
(in case of octocopter vehicle) will result in the total loss of the aircraft.

All-electric configuration assumptions

The all-electric vehicle configurations contain energy storage system (ESS) which includes battery packs,
battery cooling system and battery management system. Each battery pack is assumed to operate
between 20-100% State of Charge (SoC) range including in the reserve mission.

The battery packs are assumed to be distributed and isolated from one-another inside the fuselage for
each rotor. Although the packs are represented as a single block of high voltage batteries in the
configuration diagrams, it is assumed that those include fail-safe switching and will be physically isolated
from one-another so that a failure in one module does not propagate to all modules. The battery packs
are conceptualized to be placed near each electric motor and ESC; the safety analysis assumes a common
battery cooling system with two (2) pumps acting in parallel, either one capable of supplying adequate
flow and pressure. Every battery pack includes an independent BMS.
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Every ESC has a separate cooling system, based on water cooling. Every electric machine is cooled using
the transmission oil cooling available for the mechanical components. The cooling system of electric
machine and transmission of every rotor is independent.

In addition:

e Severe failures of the motor/ESC cooling system (e.g. loss of a component) will lead to complete
loss of the powertrain (no torque)

e Partial operation of the thermal management of motor/ESC will cause overheating, so a derating
will be applied (low torque)

e EM warning and fault temperature: 130 and 160 °C

e ESC warning and fault temperature: 80 and 100 °C

Hybrid-electric configuration assumptions

Hazards and FTA will assume the fuel system meets reliability requirements regardless of propulsion
system. Both conventional (turboshaft engine burning fossil fuels turning rotors) and series hybrid
propulsion (turboshaft engine burning fossil fuels turning generator) will require effectively the same fuel
system. The turboshaft engine and associated Planetary Axis Gearbox (PAG), Clutch, AC Generator, and
AC/DC convertor are grouped together so that the loss of any of those components will result in the air
vehicle relying on battery power alone for continued flight. The batteries are assumed to last 10 minutes,
and the air vehicle is assumed to be within 5 minutes of a suitable landing vertiport. Since UAM missions
are expected to be conducted in environments with high geo-density of vertiports [24], the UAM vehicles
will rarely be farther than a few minutes (miles) away from a potential landing site. Therefore, for hybrid
configuration, an emergency landing maneuver is added as an additional consideration for contingencies
once the vehicle battery SoC reaches 50% of its full capacity.

The hybrid configuration emergency landing maneuver is conceptually described in Figure 14. The
maneuver consists of a vertical descent at 900 ft/min to reach a close-by vertiport. The forward velocity
decreases linearly from the forward velocity at the time of failure to a null forward velocity once the
vehicle reaches the ground. Touching down at 900 ft/min is not realistic to achieve a safe landing but the
emphasis of this simulation is to check whether attempting to divert to an emergency vertiport in case of
significant failure can mitigate an outcome likely to be catastrophic otherwise. The details of the actual
touchdown are not considered in this evaluation.
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Figure 14: Quad-Hybrid emergency landing maneuver.

2.3.3.2 DET analysis assumptions
Task 6 in the Section 3.1 described the DET analysis in detail. Following are the main assumptions
of DET analysis for this study:

e Only hardware faults are considered (no software errors related scenarios are studied). Also, no
human interaction with the system or fly-by-wire type of mitigation scenarios are included.

e Only discrete fault injections points (FIPs) and fault magnitudes are considered in order to limit
the total number of computations to an acceptable feasible number that is necessary to gain
sufficient insights into the overall performance of each vehicle architecture.

e The component/system faults that are assumed to result in catastrophic outcomes in static
analysis are not simulated.

e For special cases, where scenarios are assumed to provide safe outcome are not simulated. For
example, for the quadcopter hybrid configuration, OEI condition for turbine engine is assumed to
trigger emergency landing using reserve battery which will be performed by following a standard
emergency landing procedure and hence the condition is assumed safe and hence is not
simulated. However, in case of a generator fault in combination with other faults, it is uncertain
how the battery SoC may vary which may depend on the state of the vehicle at the time of fault
injection and severity of the generator fault. Hence such fault scenarios are simulated to gain
more insights.

e All single faults scenario branches have outcome likelihood values above the simulation cutoff of
101, hence all the single-fault cases are simulated. For the double-faults scenarios that have the
branch outcome likelihood values less than the simulation cutoff probability are not simulated.

e All double faults are injected to same rotor electric driveline, except for the case of quad-electric
and quad-hybrid configurations which include electric drive faults scenarios for two different
38



March 2021 Final Report, Reliability and Safety Assessment of Urban Air Mobility Concept Vehicles,
Contract No. 80ARC020F0055, GTRI Document No. D9015A001R2, April 2021

drivelines as well, since those configurations have higher fault tolerance due to the cross-shafting
system. Double faults cases in two drivelines are not considered for configurations without cross-
shafting which require more advanced control laws for fault tolerance, and hence those
considerations are out of the scope of this work. In the Table 11, all the faults scenarios for DET
analysis are summarized. The simulated fault injection scenarios are shown with checkmarks. If
a component is not part of the architecture, the corresponding component failure scenarios are
marked as not applicable (NA). For special cases, where scenarios are assumed to provide safe
outcome are marked as SAFE and hence are not simulated. All single faults scenarios have
outcome likelihood probabilities above the simulation cutoff probability of 10™%, so all applicable
cases are simulated. The double-faults scenarios marked with cross-mark symbol signify the
scenarios that are not simulated due to their final branch outcome likelihood values falling below
the simulation cutoff probability of 1022,

Table 11: A summary of DET fault scenarios

Single Faults Double Faults
Configuration ED TS ACT GTE GEN | ED- ED- ED- TS- GTE- GTE-
ED TS ACT ACT ACT TS
Quad Electric | v vV NA NA | V" v v NA NA
Quad Hybrid v v v. SAFE Y | vV v v
Quad NA VY v. NA |NA NA NA v
Turboshaft
Hex Collective | v vV NA NA | v v v NA NA
Hex RPM v. ¥ NA NA NA |V NA  NA NA NA
Oct RPM v. ¥ NA NA NA |V NA  NA NA NA
v Fault scenario simulated ED Electric Drive
u Scenario is considered for same as well as two different electric drives TS  Transmission System
NA Fault scenario is not applicable ACT Rotor Actuation System
SAFE Fault scenario is not simulated; Safe outcome is assumed GTE  Gas Turbine Engine
Fault scenario is not simulated due to low conditional probabilities TG Turbogenerator

e For the double faults in the same electric driveline (or in other words, electric driveline of a given
rotor), the faults are injected at two discrete failure injection points (in time). However, due to
nature of fault-physics, not all two fault combinations are possible for the same electric drive. For
example, it is assumed that if the first injected fault is no torque, then the second injected fault
cannot be low torque and hence is not considered. Table 12 shows all possible valid combinations
that are chosen for the double faults in same electric drive.

e For the electric drive double faults in two different drivelines (or in other words, for electric
drivelines of two different rotors), all fault combinations are considered as independent events
and hence are simulated. However, due to limitations in linearized control models, the faults are
only introduced in diagonally opposite rotors. For quadcopter, the faults are introduced in the
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electric drive pair (ED1, ED4) which is equivalent to introducing the faults in the electric drive pair
(ED2, ED3). Any faults injected in two non-diagonal motors are assumed to result in catastrophic
outcomes and hence such combinations are not considered for the DET analysis.

Table 12: Electric Drive Double-Fault Injection Matrix (same driveline)

Second Fault Injections
No Low High Torque Short Short Short
Torque | Torque Torque Ripple Circuit 1 | Circuit2 | Circuit 3

No Torque
Low Torque
High Torque
Torque Ripple
Short Circuit 1
Short Circuit 2
Short Circuit 3

First Fault Injections

ASANENENANANE
ANANENENANEYE
ASANENENEIEYE
SSENANERNER P
ASASEIRNENENAN
NNEJENENENANAN
<[ <[] ]] )

e |f the two double faults are injected in two different subsystems, then the faults are injected at
the two injections points in both orders, since the vehicle dynamics may differ depending on the
order of the fault injection. For example, if the first fault is injected during the takeoff (FIP5) and
second during the cruise (FIP7) phase, and if the two subsystems under consideration are rotor
actuation system (ACT) and electric drive (ED) respectively, following two combinations are
considered for each fault pairing: (ACT fault during takeoff, ED fault during cruise) and (ED fault
during takeoff, ACT fault during cruise).

2.4 Modeling environment

Figure 15 describes the safety assessment workflow and the software used for each task. Architecture
diagrams were developed using Inkscape, FHA tables were generated in MS Excel. Isograph Reliability
Workbench® software and its accompanying failure databases were used for failure rate calculations, and
to perform FMECA and FTA analyses. The component failure rate data was exported in MS Excel format,
and post-processed further in MS Excel to apply the revised failure rate values calculated for a group of
component failures which all result in the same end effects. The end-effect based failure rates were then
imported by the DET analysis MATLAB framework. Dynamic simulation models were also developed in
MATLAB which allowed easy interface of Dynamic behavior models with the DET framework (described in
detail in an info-chart within Figure 16)
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Figure 16: DET analysis info chart
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2.5 Component/System Reliability

This section will review all the systems and components that are included in the safety analyses.
Subsection 2.5.1 will summarize all the major components and their failure rates. Also, the summary will
highlight various data sources used to determine the component failure rates. In the Section 2.5.2, the
components and their failure modes for static and dynamic safety assessment will be identified for the
aircraft systems considered. In particular, for the dynamic event tree analysis, the component failure
modes are grouped by their system-level end effects. Therefore, the failure rates are recalculated for the
end-effect based component fault groups, the process will be discussed in detail.

2.5.1 Components and Component Failure Rates (FR)

Aircraft Power
Transmission

GEN' Fech |LVBaﬁery| [1s | EDS

_,_
’_’E L | Contactor

Gears
L EMA 1 ~{Connect|nr
: .
OVRC M EsC | ESS Sensors
[ T — EMA2
Mechanical ‘ EM Liquid

Electrical Inverter

Components

Stator

{ Y L= EM Sensors
Compaonents Cooling
DC BMS ESC
{ shaft ‘ Capacitor Sensors
Acronyms

Pipe .| Battery Liquid
Cooling* ESS Sensors ACT : Rotor Actuation System
Dual Pump CGB :

: Central Gearbox

Esc Liquid CS :Cross-shaft System
7 cooling* ED : Electric Drive or Propulsor

EDS : Energy Distribution System
EM : Electric Motor

Symbols EMA : Electromechanical Actuator

[P All Quadcopter vehicles (Electric, Hybrid & Turboshaft) ESC : Electronic Speed Controller

# Quadcopter Hybrid vehicle only FCC : Flight Control Computer

¥ Quadcopter Hybrid (1 unit) and Turboshaft (2 units) vehicles GEN : Generator

§ All Collective Control vehicles only GTE :Gas Turbine Engine

t  All Electric or Hybrid-Electric vehicles gVRC :_Tg’:::rzl:]':i:‘;rcolisc':"ts (4,60r8)

ll &uragggﬁ;er;urboshaft vehicle only o ‘ PAG : Parallel Axis Gearbox

g System components, see EM Liquid Cooling RGB : Rotor Gearbox
¥ Notincluded in vehicle failure-rate calculations Ts

: Transmission System

Figure 17: Overview of the Systems and Components considered in the Safety Analysis

Failure rates of electrical and mechanical components for this study (Figure 17) are taken from the
Nonelectronic Parts Reliability Data publication (NPRD-2016) [25], RVLT Boeing study [8], and other similar
sources in the literature. NPRD-2016 database provides historical reliability data to augment reliability
prediction. The NPRD dataset was collected from the early 1970’s through 2014 from sources including
published reports and papers, government-sponsored studies, military maintenance data collection

systems, commercial warranty repair systems and maintenance databases, and other failure databases
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maintained [25] by commercial or military organizations. While there are numerous entries for each type
of part or assembly within the NPRD-2016 database, the most applicable part summary is chosen
whenever possible to be used in the analysis. The summary failure rates (as reported in) were derived by
combining failure rates on similar parts/assembled from various sources. Almost all the part summaries
chosen represented parts of military quality level described in NPRD-2016 as being procured in
accordance with MIL-217 handbook specifications [26]. In addition, the application-based operating
environment was also considered. Whenever possible, parts identified as being used in rotorcraft were
chosen and failing that, parts identified as being used in an aircraft were chosen. The NPRD-2016 database
also reports total population and operating time for each entry. In some of the part summaries chosen,
the dataset includes no recorded failures. In these instances, the failure rate is estimated by assuming one
failure for the sum of the total operating hours as a worse case failure rate. Table 13 summarizes the
component failure rates and their sources.

Table 13: Failure rate and related sources used for the analysis

Component Base failure rate Source
(1/hr)
Actuator (EMA) 5.49E-5 [25]
Gas Turbine Engine (GTE) 6.48E-6 [27]
AC generator (GEN) 4.30E-6 [25]
Gearbox (RGB, CGB, PAG) 4.23E-7 [25]
Clutch (OVRC) 4.23E-7 [25]
Cross-shaft (CS) 7.15E-7 [25]
Lithium-lon battery* 5.61E-6 [28, 29, 8]
Low Voltage battery 1.01E-5 [8]
Electronic Sensors 1.76E-7 [30]
Electric Motor* (EM) 9.24E-7 [8], [25]
Electronic Speed Controller (ESC) 5.40E-6 [8], [25]
Contactor, fuse 1.49E-7 [25], [30]
Connection failure 1.39E-7 [25]
Liquid cooling 4.30E-6 [25]
Air cooling 1.03E-6 [25]

2.5.2 System Reliability Assessment

In this section, we will discuss system safety assessment performed to supplement the static fault
Tree analysis and dynamic event tree analysis. For the FTA, component failures that result in loss of
function of the relevant system are considered. An aircraft system usually includes hundreds and
sometimes thousands of components, each exhibiting its own complex failure modes. From the transient
vehicle analysis perspective, it is beneficial to group the failure modes by their system-level effects, since
the vehicle simulator only uses overall system-level inputs to predict the aircraft behavior. FME(C)A tables

43



March 2021 Final Report, Reliability and Safety Assessment of Urban Air Mobility Concept Vehicles,
Contract No. 80ARC020F0055, GTRI Document No. D9015A001R2, April 2021

were used to identify system level effect of the failure modes and to calculate failure rates based on those
effects. In following subsections, failure modes and their effects will be considered the systems of interest.

2.5.2.1 Electric drive (ED) system
For this study, a detailed safety assessment has been developed for the electric drive components,

such as electric machine (or motor), electronic speed controller, electronic power distribution and energy
storage system. Multiple literature sources, including handbooks and manuals have been analyzed for this
purpose [31, 32, 33, 34, 35, 36, 37, 38, 28, 39] [40, 8]. The summary of the literature review is provided in
the 0. For example, a failure rate of 9.24e-7 per hour is defined for the electric and mechanical failures of
the electric machine [8]. For each failure type, multiple causes of failure are identified (e.g. high voltage,
overcurrent, voltage transient, etc.). For each cause of failure, the higher-level effects in the component
are postulated as well (e.g. stator short circuit, stator open circuit, rotor demagnetization, etc.).
Probability is assigned to each higher-level failure effect. Two failure modes of the cooling system are
identified: complete failure resulting in the failure of the electric machine and partial failure of the cooling
system corresponding to the failure of the stator, rotor or core. Similar approach is used for other
components of the electric drive.

From the provided summary of the electronic component faults, it is clear that a multitude of faults
can happen in electric machines (EM), electronic speed controller (ESC), electronic power distribution
(EPD) and lithium-ion battery pack (BP). The development of accurate models of all the possible faults
that may occur in an electric propulsion system can be sometimes necessary, however for the scope of
this work and considering the computational requirements of DET simulations, the team decided to
categorize the component-level faults on the basis of the effect at the electric drive (ED) level under
different categories as reported in O:

1. Notorque - For example, this condition can be observed in case of complete failure of the cooling
system for ESC, EM, or battery pack with shutdown due to overtemperature, which causes no
torque output for the ED.

2. Low torque - Internal battery failure (such as cell short circuit) is one such example case, that can
lead to a low torque output for the ED due to lower voltage or capacity. Fault severity levels (SLs)
of 1, 2 and 3 are considered which result in the low torque magnitude of 85%, 30% and 10% of
reference torque respectively.

3. Torque ripple — A fault in the current or speed sensor of the powertrain can lead to oscillation in
the torque output while the average torque still meeting the torque request. Fault severity levels
of 1, 2 and 3 are considered..

4. High torque — An electric distribution failure due to failure-to-open of a contactor can cause a
high torque output for the ED. Fault magnitude of 0.85 has been considered.

5. Short circuits modes: Three short circuit modes are considered to take into account for single
phase, two-phase, three-phase short circuits and including the response of the ESC.

o Mode 1 - Torque transient — After a short circuit, the ESC or the vehicle supervisory
control may turn-off the ED causing the high torque condition to be eliminated. Severity
level 1.5 has been considered.
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o Mode 2 - High torque oscillations - This condition is observed when short circuit occurs
in EM winding or ESC. Severity levels 1.5 and 2.5 have been considered.

o Mode 3 - Dumped torque oscillations - This condition is observed when short circuit
occur in EM winding or ESC. Severity level 1.5 has been considered.

2.5.2.2 Rotor actuation system (ACT) failures

Due to the growing trend in more electrified aircraft, electromechanical actuators (EMA) are
becoming more popular in aerospace applications. Without the need for hydraulic plumbing, EMAs are
less maintenance intensive and costly compared to hydraulic actuators [41].

Using data from the NPRD library for each component within an EMA, the average failure rate of
commercial off-the-shelf EMAs can be estimated to be approximately 54.96 failures per million hours.
Existing work studying failure of EMAs on small UAVs lead to the identification of six failure modes: bias,
stuck surface, hard-over, floating surface, oscillations, and increased dead-band [42]. These different
failure modes are used for static reliability (FMECA and FTA) analysis.

However, not all of the identified failure modes of EMA are included in the DET analysis. Only the
failure modes which are within the bounds of the simulation models and/or the modes that impact the
transient vehicle response are considered. The behavior of EMA caused by bias can vary based on whether
the bias causes a constant or drifting error and the magnitude of the bias itself. A comprehensive
simulation of bias is out of the scope of this work. Similarly, the oscillations caused by hardware or
software related issues also vary in their behavior and no concrete characterization of such behavior
would be sufficiently representative of typical EMAs. Hard-over and stuck surface failures are not included
since the total inability to control rotor pitch can be assumed to cause catastrophic failure for multirotor
configurations and hence transient analysis is not necessary for such failure modes. Two actuator failure
modes (or end-effects) are considered for the DET analysis: floating surface and increased dead-band. The
details of the implementation of each failure mode is described in Section 4.5.

2.5.2.3 Transmission system (TS) failures
The transmission failures are attributed to following three components:

i) Gear failures
ii) Shafts and Shaft bearings related failures
iii) Overrunning Clutch failures

A detailed literature review [43] [44] [45] [46] [47] [48] [49] [50] resulted in the classification of
transmission related failures by one of the following two main causes:

a) Overload or fatigue related failures
b) End of life/wear related failures

A study [51] based on the historical data of the helicopter transmission related accidents also identified
overload or fatigue related failures as the primary cause of accidents. These fatigue failures usually are
attributed to inadequate maintenance or vehicle operation in overload conditions due to pilot error. Such
catastrophic failures are considered for static reliability analysis. Various modes of failure of the
transmission components are described in detail in the FMECA tables in Appendix B.
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For the DET analysis, wear related soft failures of the transmission components that result in efficiency
losses are considered, since transient analysis of such failures can provide more interesting insights into
their effect on overall vehicle dynamics. Only exception to this rule is made while considering the cross-
shafting failures; a fatigue or overloading related failure of a bearing or shaft is considered since such
failure will cause a rotor to isolate from the cross-shafting system, but may not necessarily result in the
catastrophic outcome as long as there are no severe faults occurring simultaneously in the isolated rotor
driveline. The soft failures related to the transmission are analyzed in isolation as well and as in
combination with other systems faults (e.g. ED or ACT faults).

2.5.2.4 Gas turbine engine (GTE) and Generator (GEN) failures

A complex system like gas turbine engine has hundreds of failure modes. There are extensive studies
that provide insights into the critical components of a gas turbine engine and their failure modes and
effects [52]. However, for this study, only complete loss of function of the engine is considered to compare
and contrast the quadcopter turboshaft and hybrid vehicles’ response to the OEI condition. Similarly, the
literature review suggests that despite the many root causes of turbine generator failures, the primary
end-effect of such failures is a loss of power production efficiency [53] [54]. For the DET analysis, this
effect is simulated by reducing overall generator efficiency by introducing 10%, 30% and 85% losses with
respect to the reference power output; the faults are assigned three severity levels SL1, SL2 and SL3
respectively.

Table 14 summarizes all system level failure effects and their failure rates derived from FME(C)A
tables.

Table 14: Dynamic Event Tree Analysis Failure Effects and Failure Rates

System/Component Effect Type FR (1/hr)

ED - No Torque 9.39E-06

ED - Low Torque [SL-1, SL-2, SL-3] 5.34E-06

Electric Drive (ED) ED - High Torque [SL-3] 3.05E-07

ED - Torque Ripple [ SL-1, SL-2, SL-3] | 2.15E-06

ED - Short Circuit [SL-2, SL-3] 2.05E-06

Transmission System®(TS) CS - Isolated Motor 3.57E-07

(includes Cross-shaft System | TS - Soft failure [SL-1, SL-2, SL-3] 4.28E-06
& RGB)

Transmission System* (TS) | TS - Soft failure [SL-1, SL-2, SL-3] 1.41E-07

(includes RGB)

Rotor Actuation System ACT-1 (Rate limit) 2.19E-05

(ACT) ACT-2 (Deflection limit) 1.20E-10

Gas Turbine Engine (GTE) No Torque (OEl) 3.03E-07

Generator (GEN) GEN [SL-1, SL-2, SL-3] 5.26E-07
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RGB Rotor Gear Box
CGB Central Gear Box
CS Cross-shafting System

* Applicable to all quadcopter vehicles

¥ Applicable to all hexacopter and octocopter vehicles

SL Failure Severity Level

2.5.3 Failure rate model of electric components

The failure rate A of an electric component (electric machine, power electronics, actuators), which
does not operate under the reference (nominal) conditions, can be calculated as following [55, 56]:

/1=/1ref'7TU'T[1'T[T (4)

where A,.r=reference failure rate at nominal conditions, my=voltage dependent factor, m;=current
dependent factor, my=temperature dependent factor.

This stress model allows extrapolation of failure rates from reference conditions to other operating
conditions considering voltage, temperature and current stresses. This model is especially helpful to
compare the system level reliability considering different design choices and the related impact on the
component’s failure rate. As example, this model can be helpful to predict the failure rate of a 600V
powertrain versus a 300V powertrain in which the same components are operated.

Some models are reported in literature for the stress factors, however these models are usually empirical
and derive from the fitting of experimental data. IEC 61709 and MIL-217 report some examples and
related calibrations. As an example, the failure rate model used for the electric machines and power
electronics is illustrated in Figure 18 [57, 58, 59].

machine topology converter topology
’ —> .
load service factor Electric 3 load service factor EI:::Z;'C A
temperature motor M temperature ESC

—| failurerate | ____,| Controller —

voltage model voltage failure rate

altitude altitude model
E— e

Figure 18: Example of failure rate model of electric motor and electronic speed controller
The total motor system failure rate (4,) is the sum of the failure rates of each of the parts in the motor:
A = (Astat + Arotor + Amech + Acoot) * Ty * Ty T (5)

where Ag:,: = Failure rate of electric motor windings and core; Agytor = Failure rate of permanent
magnets; Ayecn = Failure rate of the mechanical system (bearing, shafts, eccentricity, vibrations, defects);
Acoor = Failure rate of the cooling system.

The total electronic speed controller (ESC) failure rate (Agsc) is the sum of the failure rates of each of the
parts in the ESC:

Agsc = (Amverter + Apc cap + Acontrot + Acool) “ Ty " Ty T (6)
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Where Ajpyerter= Failure rate of power semiconductors; Ap¢ ¢qp= Failure rate of DC capacitors; Acontror=
Failure rate of ESC controller (including sensors).

The total energy storage system (ESS) failure rate (Azgs) is the sum of the failure rates of each of the parts
in the ESS:

Agss = (Acen + Apms + Acoor) * Ty Ty "7 (7)

where A, = Failure rate of lithium-ion cells; Agy ¢ = Failure rate of the battery management system
(BMS); A¢por = Failure rate of the cooling system.

The total electronic distribution system (EDS) failure rate (Agps) is the sum of the failure rates of each of
the parts in the ESS:

Agps = (Afuse + Acontactor + Aconnection) * Ty * Ty " T (8)

where Agy s, = Failure rate of fuses; Acontqactor = Failure rate of contactors; Aconnection = Failure rate of
connections.
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3 VEHICLE ARCHITECTURE OVERVIEW

Analyzing an UAM vehicle’s safety requires more information than what is provided by a general
vehicle configuration description. Information on significant components and how the components
interact with each other is necessary. In general, such information is not available in a vehicle
configuration description. For example, the information on the components and their connections is
needed TO calculate the vehicle’s overall static safety. Moreover, the same information outlines what is
necessary in a transient simulation environment to be developed for analyzing the vehicle’s safety in
transient operation. Necessary vehicle architecture details for static and transient safety analysis are
provided with two diagrams: a rotating component diagram and a flight control system diagrams. Both
are provided for each of the six concepts covered in this report.

The rotating component diagram includes two types of the components. One type of component
converts a source of energy into kinetic energy like an electric motor or gas turbine whereas the other
component type is a link of the chain which transmits the generated kinetic energy to the vehicle rotors
like gears and shafts. On the other hand, the flight control system diagrams integrate the rotating
component diagrams with the flight controller, actuators, sensors, and other important nonrotating
components like batteries. The rest of this section introduces and discusses the rotating component and
flight control system diagrams for each one of the six concepts in separate subsections starting with the
electric quadcopter.

3.1 Electric Quadcopter

Figure 19 provides the rotating component diagram for an electric quadrotor concept which uses
collective control. The planetary gears between the electric motors and rotors reduce the rotational speed
at the electric motor exit to the rotor rotational speed. This speed reduction is one of the two purposes
of mechanical power train as stated earlier. The bevel gears between the electric motors and the planetary
gears direct some of the electric motor power to a cross-shafting system which provides an alternative
power supply path for all the rotors when one of the electric motors fails. This is the second listed purpose
of a mechanical powertrain system. If a quadcopter rotor stops spinning in flight, such an event causes a
catastrophic failure due to loss of control. Therefore, the cross-shafting system in Figure 19 is proposed
to keep all the rotors powered when an electric motor fails.
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Figure 19 Rotating components diagram for the electric quadrotor concept with collective control
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Figure 20 Flight control system diagram for the electric quadrotor concept with collective control
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3.2 Hybrid Electric Quadcopter

Figure 21 shows the rotating components diagram for a series hybrid quadrotor with collective control.
The mechanical powertrain in Figure 21 reduces the electric motor rotational speed to the rotor rotational
speed with planetary gearboxes like the electric quadcopter in Figure 19. Moreover, the cross-shafting
system is the same as the system and ready to provide alternative power paths when needed. The only
difference between the quadrotor concepts is the turboshaft engine and the electric generator attached
to the turboshaft. The series hybrid concept replaces most of the batteries in the electric quadrotor
concept with the turboshaft and generator couple for electricity production.
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Figure 21 Rotating components diagram for the series-hybrid quadrotor concept with collective
control
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Figure 22 Flight control system diagram for the series-hybrid quadrotor concept with collective control

3.3 Turboshaft Quadcopter

In contrast, Figure 23 introduces a different quadrotor concept with respect to the concepts in Figure
19 and Figure 21. The rotating components diagram in Figure 23 is for a collective control quadrotor with
two turboshaft engines. The electric motors in the previous two concepts were replaced with two
turboshafts. The power generated by the two gas turbines are blended with a series of gears. Then, the
blended power is provided to each rotor through the central gearbox and the cross-shafts attached to the
central gearbox. As the generated power is blended and transmitted, the rotational speed is reduced from
the turboshaft value to the rotor value. If a power source fails, the failed gas turbine is disengaged from
the powertrain with an overrunning clutch and the remaining gas turbine powers all the four rotors.
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Figure 23 Rotating components diagram for the turboshaft quadrotor concept with collective control
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Figure 24 Flight control system diagram for the turboshaft quadrotor concept with collective control
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3.4 Hexacopter with Collective Control
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Figure 25 Rotating component diagram for the hexacopter concept with collective control
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Figure 26 Flight control system diagram for the hexacopter concept with collective control
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3.5 Hexacopter with RPM Control
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Figure 27 Rotating component diagram for the hexacopter concept with RPM control
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Figure 28 Flight control system diagram for the hexacopter concept with RPM control
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3.6 Octocopter
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Figure 29 Rotating component diagram for the octocopter concept with RPM control
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Figure 30 Flight control system diagram for the octocopter concept with RPM control
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4 VEHICLE AND SYSTEM MODELING

This section presents details of the simulation model developed to complete the DET. As shown on
Figure 31, the dynamic simulation environment include a wind model, a guidance and navigation module,
a controller, and the aircraft dynamic include airframe dynamics, a transmission model, electric drives,
batteries and turbine model.
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Figure 31 Schematic Representation of the Dynamic Simulation Environment

4.1 Airframe dynamics

The airframe dynamics model provides the dynamics of the airframe and the flapping angles. The
following sections describes the use of the NASA provided linear dynamic models, the description of the
mission modeled by the aircraft, the trim analysis and the wind profile used for the analysis.

4.1.1 Review of NASA Linear Dynamics Model

The starting point for the vehicle model is the airframe dynamic model. The model is based on the
SIMPLI-FLYD ('SIMPLIfied FLight dynamics for conceptual Design') dynamic models provided by NASA [60].
A schematic representation of the dynamic model is illustrated on Figure 32: the dynamic response of the
aircraft is provided as a function of the current states, control input, torque input at the rotor and wind
condition. The dynamic model is provided as piecewise with advancing velocity linear coefficient about
the trimmed conditions.
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Figure 32 Schematic representation of the airframe dynamics

The models are in state-space form:

x = Ax + Bju + B,w (9)

With x, the state vector, u, the control input and w, the external disturbance. With A4, the system
dynamics matrix, B4, the input matrix and B, the external disturbance matrix. A summary of the states
and control input is provided in Table 15 where n is the number of rotors.

Table 15 A summary of the states, control inputs and external disturbances

Symbol Definition Symbol Definition
Horizontal velocity . -
u body frame Bis» Bic» Bas» Bacs -+ Bus) Bnec Blade flapping coefficients
Sideways velocity body .
v frame Q4,Qy, ..., Qy Angular rotor velocity
w Vertical velocity body T4, T T Rotor input torque
frame 1,82, tn p q

Wind velocity in

p Roll rate Uwind, Ywind» Wwind u, v, w direction

. Wind angular velocity in
q Pitch rate Pwind» Qwind» "'wind p,q,T direction
T Yaw rate Scou (Ug) Collective pitch input

Cyclic longitudinal pitch

¢ Roll angle 6cycl lon (uc) input
0 Pitch angle Scyet at (Us) Cyclic lateral pitch input
Y Yaw angle Sped (uped) Anti-torque pedal input
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A coordinate frame definition for the translational and angular velocities in the vehicle body frame can be
seen in Figure 33.

Vehicle Fixed
Reference Frame

Figure 33 Translational and angular velocity definition in the vehicle body frame

The motor definition and rotor spin direction are defined for the quadrotor vehicles, hexacopter vehicles
and octocopter vehicle can be seen in Figure 34, Figure 35 and Figure 36 respectively. The torque direction
at the rotor level is in the opposite direction of the rotor spin.

Figure 34 Quadcopter Vehicles Motor Definition and Rotor Spin Direction
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Motor 2

Motor 4 Motor 6

Q4

Figure 35 Hexacopter Vehicles Motor Definition and Rotor Spin Direction

Motor 5 Motor 7 Q,

T -k ]

£

Motor 6 Motor 8 Qg

Figure 36 Octocopter Vehicles Motor Definition and Rotor Spin Direction

4.1.1.1 States

The previous section introduced the NASA provided linear dynamic models. The state and control
input vectors are defined differently for the various vehicle configurations. An overview of the state
vector, control input vector and wind vector for the various vehicles is shown below.

Quadrotors:
T
x = [ ,815' .816'.825' .BZC' ,835' .836' ﬁ451 ,84-0 (10)
Qll QZ' '0‘13 )] Q4l uvw, p: q: r, ¢y 9; 1,[)
= ! (11)
u= [uo'uc' Ug, uped'Tl'TZ:T3:T4]

60



March 2021 Final Report, Reliability and Safety Assessment of Urban Air Mobility Concept Vehicles,
Contract No. 80ARC020F0055, GTRI Document No. D9015A001R2, April 2021

— T
w = [uwind: Vwind» Wwind» Pwind» Qwind> rwind] (12)

Hexacopter Pitch Control:

Qll QZJ QJ3 ) Q4l QIS ) Q6I

[.Bls: ﬁlc' BZS' BZC' B3Sl B3C' B4s' .84»c .855’ ﬁSc’ ﬁ6sr ﬁ6c]T (13)
X =
uw,v,w,p,q,7,¢,0,

T
u= [uo. U, Us, Upeds T1, T2, T3, T4, Ts, T6] (14)
w = [uwind: Vwind» Wwind» Pwind» Qwind> rwind]T (15)
Hexacopter RPM Control:
T (16)
ﬁlsr ﬁlc: BZS' BZCJ B3S' B3C' B4s: B4c BSS' .850' .865' .860
X = Qll ‘QZi'QiS IQ4) -Q;S ;-Qs;
u,v,w,p,q,r,¢,0,9
u= [Tll T2, T3IT4I TS; T6]T (17)
w = [uwind: Vwind» Wwind» Pwind» Qwind» Twind]T (18)
Octocopter RPM Control:
T
,Bls: ﬁlc: 525' ﬁZCJ B3S' B3CJ B4s: B4c BSS' :BSC' .865' .860' .875' .870' .885' BSC (19)
X = Ql’ QZ'QlB IQ4) Q)S IQ6) QF7 FQBI
u,v,w,p,q,r,¢,0,9
u = [Ty, Ty, T3, T4, Ts, Tg, T7, Tg]” (20)
w = [uwind' Vwind» Wwind» Pwind» Qwind> Twind]T (21)

4.1.2 Mission

The NDARC design mission is introduced in Section 1.4 . In order to simulate this mission in the
simulation environment, the mission profile can be divided into waypoints of altitude and forward
distance covered. The NDARC design mission specifies the rate of climb (ROC) and forward velocity
between these defined waypoints and so these will be used to specify the position and velocities the
vehicle is required to track in the simulation. Additionally, at certain waypoints a timed hover is required.

4.1.3 Reduced Order Dynamic Model

The dynamic models presented in the previous sections show that some modifications are needed in
order to provide useful for vehicle control synthesis. Details about the creation of inverse models, and
reduced order dynamic models are shown in Appendix H. [61]

4.1.4 Modification of the linear models for OEI purposes

In order to use the linear dynamic models for conditions with engine inoperative, some additional
modules were created.
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4.1.4.1 Conversion to individual rotor collective pitch

The linear dynamic models include pitch effect in typical “cockpit” input: collective, cyclic (longitudinal
and lateral) and pedal input. In order to include the effect of individual pitch actuators, there is a need to
convert the input to individual rotor pitch 6; .

[61, 62,...05]" = Ty[ug, ug, us, uped], (22)

[u0vuc'us:uped]’ =T,[ 64, O, ... en], (23)

The conversion matrices are formulated as follows derived from the NASA provided linear model by using
the partial derivatives for angular velocity and control input, g—ﬁ, and are shown in Appendix G.
4.1.4.2 Limit on Inoperative Rotor RPM

One inherent limitation of using linearized models is the inaccuracy that presents itself when the
operating point moves away from the model linearization point. This short coming can be seen in this
analysis when simulating an inoperative motor. Figure 37 shows the comparison for the typical helicopter
thrust calculation where T is the thrust, C; is the thrust coefficient, p is the air density, Q is the rotor
angular velocity, R is the radius of the rotor and A is the rotor disk area, versus the thrust calculation that
stems from the application of the linearized models where the relationship between angular velocity and
thrust is approximated at the linearization point using a straight line. Comparing these two models
highlights a region of negative thrust below (), /2. This observation is supported by analyzing the vertical

acceleration 6—‘3’ coefficients in the models. In order to limit the impact of the One Engine Inoperative (OEl),

no contribution to the vehicle dynamic is assumed below a rotor speed of () /2. This will prevent the
additional penalization in thrust that would exist when setting 0 = 0.

Thrust T = épCTQERZA

r 3

Z , Region of negative thrust:

/ effects on vehicle are discarded

Figure 37 Limit on Inoperative Rotor RPM
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4.1.4.3 Rotor inoperative and Pitch Control Allocation
One of the additional limitations of the linear dynamic model is the absence of coupling between the
rotor RPM and the pitch control authority. A typical expression for a helicopter rotor thrust is as follows:

1
T =-pCrN?R*A
2 pLlT (24)
It is apparent in this expression that if £ is 0, (no rotation), regardless of the thrust coefficient, the
thrust will also be zero. However, in the linear models, there is no coupling between the angular velocity
and the rotor pitch which results in the vehicle preserving its pitch control on a rotor even when it is not
spinning through B, u as seen in Equation (9).

Since the conditions of stopped rotors are of interest for this analysis, there is a need to include a
correction for the loss of thrust, and loss of pitch control authority with loss of RPM. The correction can
be seen below where the effective pitch angle of the individual rotor, Bieffective' is defined in terms of
the trim pitch angle of the individual rotor, 6;,,.. ., the minimum value between the current angular
velocity of the rotor and the nominal trim angular velocity of the rotor, (};, the nominal trim angular

velocity of the rotor, Q,,,minat, and the pitch angle of the individual rotor, 6;.

Q;
+ +(0;— 0

ﬂnominal

0 (25)

leffective — eitrim itrim)

Analyzing Equation (25) shows that for normal operations the division between the angular velocity

terms is equal to one which results in 6; .= @;. However, when the rotor spin slows down and
leffective l

ultimately stops, Equation (25) simplifies to 8; =0

ieffective i¢rim Which results in the desired loss of pitch

control authority for the stopped rotor.

4.1.5 Assessment of Airframe Characteristics

4.1.5.1 Trim

In this section, the condition for nominal operation and operation with one motor out are detailed.
NASA linear dynamic model provided the nominal operations including the control input and torque
required for steady-state operation at various advancing velocity.

The Appendix H presents the trim conditions for the hexacopter with pitch control, as well as the
maximum axial control authority. The maximal control authority is defined as the maximal acceleration of
the vehicle in the z axis, as well as the maximal rotational accelerations. The values reported in the table

", 7

for the column “w” are the results of the following optimization routine:

Max: w (26)
w.r.t.: controlinput: 6,0, ...0,
s.t.: [p,q7]=0
-15°< 6,6, ..0, < 45°
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This process attempts to find the maximal acceleration in one axis, without influencing the other ones (no
cross-coupling). The routine is repeated for the other axes (p, g and r) by changing the axis along which
the acceleration is maximized, and which is kept to 0.

The Appendix | also presents similar results for the case of Motor 1 inoperative motor. The nominal torque
and pitch angles describe the trimmed operation with a motor inoperative. The trimmed conditions are
the results of another optimization routine, which aims at finding the control input that lead to no
acceleration:

Min: [6,...0,]7[6,...6,] (27)
w.r.t.: control input: 8, ...0,,
s.t.: [w,p,q,7]=0
-15°< 6, ..0,, < 45°

For the operation with one motor inoperative, it is assumed that :

Qnominal (28)
0y =—-
! 2
0, = trimmed 6, (29)

4.1.5.2 Observations on Trim Results with One Motor Inoperative
A few observations can be drawn from the trim condition and from the maximum control authority

assessment:

e All 3 aircraft can be trimmed with motor 1 inoperative, and they can maintain control authority
over the 4 axes presented in the tables, under these assumptions;

e In both nominal and motor 1 inoperative condition, both RPM-control vehicles have a much
smaller control authority in yaw (7);

e Both hexacopter aircraft see a large reduction of the contribution of the rotor 6 to the trim
operation (very small pitch angle or RPM);

e The hexacopter with RPM control sees a larger power ratio penalty (P/P nominal) than the
hexacopter with pitch control

e The octocopter sees a larger power ratio penalty than the hexacopter with RPM control. This
result comes as counter intuitive given that the octocopter has more rotors on which to
redistribute the thrust. Other objective functions (minimize max power for example) with similar
outcomes.
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e While roll pitch and yaw control authority is almost symmetric (positive or negative), after the
loss of a motor, there is an asymmetric control authority, due to one of the rotor being out, as
expected. For example, in hover, the maximum roll acceleration p is 10.4 rad/sz, while the
minimum one is -10.4 rad/sz. For the condition of rotor 1 inoperative, this observation is not
true anymore, as expected due to the limit on pitch deflections. For example, in hover, the
maximum roll acceleration p is 9 rad/s?, while the minimum one is -6.2 rad/s?.

e Allthree aircraft see reduced control authority on all 4 axes with one motor out, and among them:

o The hexacopter with pitch control sees a greater reduction in pitch rate (¢) than along its
other axes;

o The hexacopter with rpm control sees a greater reduction of control authority in most of
its axes when motor 1 becomes inoperative than the hexacopter with pitch control;

4.1.6 Wind Model

A wind gust model is created for the dynamic simulations. The model generates trapezoidal-shape
wind gusts in u,v and w based on atitude, building height and aircraft velocity [62] [63] [64] [65]. Angular
rates are introduced based on a filtering post-processing of the u, v and w components of the velocity,
similar to Dryden turbulence model [66]. An example of 20s for the wind model is shown on Figure 38.

0.03

10: | “ i | M K‘\‘.‘ WNJ

| ,;W Wl ]
SN A s ij i““‘j\. WW%

wind (ft/s)

rotational wind (rad/s)
o
, = :
=

-20

-30

-0.04

time (s) time (s)

Figure 38 Wind gust example

4.2 Powertrain

4.2.1 Electric Drive Modeling

Considering the system assumption reported in section 2.3, Figure 39 shows the block diagram of the
dynamic model of the electric drive system, in which all the main components have been modeled and
the control strategy has been illustrated. The model is composed in several sections: electric motor,
electronic speed controller, battery and thermal management system.
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Figure 39 Block Diagram of the Dynamic Model of the electric propulsion system

4.2.1.1 Electric motor model
The PMSM has been modeled using a d-g model in which the dynamic of the d-axis has been ignored

for simplicity. This is a good approximation for system level analysis and when surface mounted PMSM
are considered, with the advantage of reducing the computational effort of the model. Moreover, this
approximation ignores the flux dynamic during the field-weakening operation. This approximation will not
affect torque availability, efficiency, and fault modes. In addition, it is worth mentioning that the
considered d-q model neglects field saturation, eddy currents and hysteresis losses of EM, considers
sinusoidal induced electromotive force (EMF), no field current dynamics and damper winding [67].
Moreover, an efficiency map has been included to model the EM heat generation.

4.2.1.2 Electronic speed controller model
The ESC power electronics has been modelled using an efficiency map. The voltage dynamic due to

the modulation technique has been here ignored due to the fast time constant when compared to the
overall vehicle simulation. The ESC control strategy is based on a d-q Field Oriented control (FOC), where
the torque request (T*) is defined by the motor speed controller with the aim of achieving the desired
vehicle speed and position. The torque request T* is converted to g-axis current request (ifl*) as following:

T*
3 (30)
fplm

sk
lg =

Then ig" is processed considering:
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1. ED power limits (if5™): i;;* is saturated considering the peak (Intermediate rated power IRP maximum
application 30 minutes) and the maximum continuous power limit (MCP) defined for each torque-
speed combination, as shown in the example of Figure 40.

jmax — {IRP for 30 minutes (31)
MCP otherwise
2. ED power rate limiter (iz5): is also applied to constrain the rate of change of i;".

3. BP power limits (iJ%**): the battery pack provide a dynamic power limit considering the current state

of charge and temperature of the pack.

The control reference g-axis current i, is then evaluated as:

iy = min(iy, ig*, igate | imex) (32)

A Pl controller is then used for deriving the g-axis voltage (v,) for the EM, given the saturated i, and the
actual g-axis current (ig).

4.2.1.3 Battery Pack model
The battery pack is modelled using a zero-order equivalent circuit model according to the

specifications reported on the NASA Design and Analysis of Rotorcraft (NDARC) [68, 69]. This model takes
into account for both current and temperature effects on the battery pack parameters (resistance and
open circuit voltage). For simplicity the battery packs in every architecture are modelled as a unique
battery pack, to limit the number of states of the simulator. The total battery pack power request is
calculated as the summation of all the requests from the EDs, as function of i;, motor speed, EM and ESC
efficiencies. The battery pack power limits are calculated considering the maximum C-rate allowable and
applied to constrain the electric motor power consumption as well [70].

4.2.1.4 Thermal Management System model
Heat rejection and temperature significantly affect the performance of and degradation phenomena

in EM, ESC, and BP. The TMS is in charge of ensuring that these components operate efficiently, safely,
and with limited degradation [71, 72]. A lumped-parameter thermal model with simplified heat transfer
is developed to estimate the temperature T of the EM and ESC during cycling and is presented in (33):

ar .
mc, I = Qgen — hA(T — T;in) (33)

where m is the EM or ESC mass, Cpis the EM or ESC specific heat, A is the EM or ESC surface cooling area,
h is the convection coefficient between the EM or ESC and the TMS, T ;,, is the coolant temperature, and
Qgen is the heat generation rate of EM or ESC as function of operating voltage, current, torque and speed.
The simulation framework allows for air or liquid cooling option considering the following relations [72].
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hA(iquid) MCp(liquid)
) 5, 3; Toplied) 4 g (34)

hAqir) ! MCp(air)

4.2.1.5 Model calibration
The proposed model is then calibrated using the NDARC specification [10] and considering the vehicle

specifications (e.g. one motor inoperative condition). Table 16, Table 17, and Table 18 reports the

summary of the system parameters.

Assumptions:

1.

ik wnN

within every vehicle architecture, all the EDs have the same rating power regardless of their
location in the vehicle (different form NDARC);

every ED is equipped with a BP, however the model is considering a combined BP for simplicity;
EM and ESC design starting from NDARC specs (MCP and IRP requirements);

efficiency map of ED (combined EM and ESC) obtained by scaling an automotive PMSM map [73];
BP needs oversizing compared to NDARC model to take into account the system efficiency
(~+50%, Kgp ¢f5) and to fulfill the mission requirements, including a reserve (at end of the mission
SoC=20%);

For some architectures the OMI condition would bring the electric machine in saturation, limiting
the available bandwidth in case of disturbances, or not have enough power —an additional design
option is included to avoid saturation during OMI (this is achieved by oversizing the ED), named
GT-OSU OMI design. Note, in case of the Hexacopter and Octocopter with RPM control, the OMI
condition brings the motor to operates at completely different RPMs, so to ensure the proper
speed and torque range for both nominal and faulty conditions, the EM needs to be highly
oversized.

Note, 8krpm is the base speed of the electric machines designed by NDARC, for the OMI condition, some
designed needed a higher base speed.

Table 16 EM, ESC, and BP model parameters

Symbol Description value
Am Permanent magnets flux 0.057 Wb
p Number of pole pairs 6
Rg Winding resistance 0.0048 Q
Lg Winding inductance in d-q domain 0.64 mH
- ESC rate limiter 200A/s
Vien Nominal DC link voltage 400V
- SoC range 20-100%
EM warning and fault temperature 130 and 160 °C
ESC warning and fault temperature 80 and 100 °C
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Table 17 Thermal model of EM and ESC

Cooling .
Parameter Unit EM ESC
method
A [m?] 0.5 0.15
type - enclosed fan Fan
cooled motor
Air R, REps [W /m?K] 500 600
cooling mc, [//K] 200 100
Tein [K] 300 300
(26.85°C) (26.85°C)
Transmission oil .
type - . Water cooling
cooling
Liquid R, hEps [W /m?K] 1550 2050
cooling mc, [J/K] 1800 900
350 320
T. .
om K] (76.85°C) (46.85°C)

Table 18 Electric drive model calibration parameters (SLS = Sea Level Standard)

Architecture Design SLS MCP @8krpm |SLS IRP @8krpm ESS sizing
NDARC 112hp 168hp
Quadcopter electric 83kw 125.3kW 368 Kpp,errkWh
Collective control GT-OSU 88.5kW 137kW Kpperf=1.5
GT-OSU OMI 129kW 193kW
66.6 hp 100 hp
AT S0kw 75kwW 27.8- Kpp * Kgp 1ana KWh
Quadcopter hybrid GT-OSU bakw 9%kW Ié:;f =1.,5an
GT-0SU OMI 87kW 133kW ers
Kpp,lana=2
NDARC 472.78hp 709.18hp ’
generator 352.55kW 528.83kW
Motor 1 and 2 : 74hp (IRP 111hp)
. NDARC Motor 3 and 4 : 82hp (IRP 124hp)
Hexaco;?ter electric Motor 5 and 6 : 91hp (IRP 137hp) 413 Kgp ey kWh
Collective control GT-OSU Z0kW 114KW Kpperf=1.5
GT-OSU OMI 85kW 128kW
Hexacopter electric Motor 1 and 2 :68hp (IRP 101hp)
RPM NDARC | Motor 3 and 4 : 77hp (IRP 116hp) 386" Kgp,erf kWh
control Motor 5 and 6 : 83hp (IRP 125hp) Kgperr=1.48
GT-OSU 69kW 114kW
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100kW 150kW

GT-OSU OMI (@1.2krpm) (@1.2krpm)

Motor 1 and 2 : 58hp (IRP 86hp)

NDARC Motor 3 and 4 : 64hp (IRP 96hp)

Octocopter electric Motor 5 and 6 : 67hp (IRP 101hp) a54- K KWh
RPM Motor 7 and 8 : 75hp (IRP 113hp) X BP'effl‘ 1
control GT-0SU 61kW 97kW BPeff==

134kwW

GT-OSU OMI |84kW (@1.2krpm) (@1.2krpm)
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Figure 40 Example of electric motor efficiency map

4.2.2 Powertrain Control

For the other hexacopter with pitch control and for the hexacopter and octocopter with RPM control,
each motor operates on an individual speed control loop. For each motor, a Pl loop on speed control is
used to generate the current desired through each motor, as described in the previous section. The
nominal individual speed control is shown on Figure 41 and Figure 42.

Speed Control: P/

Qq o Iq

iy = —kye, — kiE, Inner loop and Motor »()

Q

Figure 41 Speed Control Loop

Inner Loop: P/ v
— i,

i

Figure 42 Inner Loop: Current Control Loop
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For the configurations with mechanical links between the rotors, it is not possible to apply individual
speed control approach. Consequently, a master-follower controller is used to control the multiple electric
motors of the electric and hybrid quadrotor vehicles. This approach consists in having one motor
operating in speed control (master), and the other motors (followers) are matching the current of the
master motor. The current desired is an output of the speed control Pl loop of the master motor. It is used
by all of the motors, as shown on Figure 43. Because the motors are attempting to operate with the same
current, they provide the same torque, which leads to a uniform use of the different motors. In the
nominal configuration, no logic is used to select the master motor, and the master motor is motor number
1.

Master
[T s m e e e e e e e e e e e e e m = - |
! 1
! 1
Speed Control: P | ;
! Qq €n la—master | |
Q
: iy = —kye, — kiE, * Inner loop and Master motor |——> :
! 1
| Q 1
! 1

! id—master !
1 Inner loop and Follower Motor 1 | !
Follower 1 4" P | |

lg— - 1
Follower 2 : Mbl Inner loop and Follower Motor 2 | "

1| ig_ .
Follower 3 1 M'l Inner loop and Follower Motor 3 |

Figure 43 Master-Follower Approach

In a case of motor or transmission malfunction, the Master-Follower approach is modified. First, if the
motor 1 has a malfunction, the Master control is assigned to another motor, typically motor 2, as shown
in Figure 44. It is important to note that this implementation requires that it is possible to diagnose a
motor malfunction.

Motor 1 Operation

A 4 A 4
Motor 1isin normal Motor 1 is not in
operating condition operating condition
Motor 1 is master Motor 2 is
master

Figure 44 Master assignment when motor 1 has a malfunction.
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Second, if the transmission (cross shafting) fails and a rotor is isolated, this motor will operate on its own
speed control loop. The other motors are kept in master-follower control, as shown on Figure 45. Once
again, it is important to note that this implementation requires that it is possible to diagnose a
transmission and motor malfunction.

I CS Isolation of rotor n |

v v
Mator n is in normal or Motoriisin A€
faulty operating condition [1,2,3,4]) without n

v

Yy ¢ ‘

Motor n is acting Motor i is in Motor i is not in
alone normal operating operating condition
condition
Y
Motor i is master Motor i+1 is
master

Figure 45 Master control assighnment after isolation of motor n

4.2.3 Transmission Modeling

The transmission system serves two purposes: reducing the higher rotational speeds of power
generating components like electric motors or gas turbines to the lower rotor rotational speed and
provide alternative power supply paths for safe flight if one of the power generating components fails.

When the mechanical powertrain components are listed, it becomes apparent that there are only a
few types of components. The types of mechanical components are shafts, bearings, gears and clutches.

The dominant transient mechanical components are the shafts with their associated rotational
inertias, speeds and net torque calculations. The bearing inertias can be added to the shaft inertias and
the frictional losses in the bearings can be represented through shaft transmission efficiency changes. The
shafts are modeled as the only mechanical component with dynamic behavior in this work. The inertias
of bearings are neglected but bearing losses are included in the transmission efficiency. The mechanical
powertrain analysis assumes rigid components.

Gear inertias can also be added to the shaft inertias. Gears are important for dynamic mechanical
simulations because they relate the gearbox inlet and outlet rotational speeds, acceleration and torque
values through their gear ratio. The gear inertias are also neglected in this study, but the gear ratio-based
speed, acceleration and torque relations are included.

Lastly, the clutch disengages the failed power generators like electric motors or gas turbines from the
powertrain. The dynamic aspects of clutch engagement or disengagement are neglected but the effects
of a disengaged clutch are modeled by setting the power input of an electric motor or gas turbine equal
to zero.
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4.2.4 Turboshaft Transient Model

Two transient turboshaft Numerical Propulsion System Simulation (NPSS) models were developed for
the simulation environment. The turboshaft model for the series hybrid quadrotor concept generates a
Maximum Rated Power (MRP) of about 950 hp at Sea Level Static (SLS), whereas the MRP of the turboshaft
model developed for the conventional quadrotor concept is 450 hp at SLS. Also, the conventional and
series hybrid quadcopter concepts have different numbers of turboshafts. The conventional quadcopter
concept has two gas turbines, whereas the series hybrid quadcopter concept has one gas turbine.

The two developed transient turboshaft models have only spool dynamics. Spool dynamics is the
fundamental gas turbine dynamics because the spool dynamics captures the interactions among the
power consuming and producing gas turbine components on a spool. Without the net power calculation
for a spool, the transient gas turbine model cannot even predict steady state performance let alone
transient performance. Therefore, every transient gas turbine model has spool dynamics.

Modeling spool dynamics require spool rotational inertia values. It is outside the scope of this paper
to develop a gas turbine weight prediction model like a WATE++ model. Therefore, the spool rotational
inertia values are determined by calibrating for the typical spool dynamics time constant values provided
in the literature. The typical time constant value for spool dynamics is about one second.

The other gas turbine dynamics are volume dynamics, heat soak effects and tip clearance effects.
Volume dynamics is the accumulation of gas mass inside the cavities in the gas turbine components.
Volume dynamics is the fastest dynamics in a gas turbine but modeling volume dynamics is necessary if
the goal is to analyze high frequency events like stall or the gas turbine model has a large enough volume
that can slow down volume dynamics enough to affect spool dynamics. In this paper, the goal is not to
study stall or the modeled turboshaft engines do not have a large internal volume. Therefore, volume
dynamics is not simulated in the developed models.

Heat soak effects are the heat transfers between a component’s material and the flow going through
the component during operation. Simulating heat soak effects require a basic component geometry and
weight information, but such information was not available because it was outside the scope of this paper
to develop a weight model like WATE++. Therefore, heat soak effects were not included in the developed
transient turboshaft models either.

Tip clearance effects depend on the spool dynamics and heat soak effects. The spool dynamics
determines the pull forces on the turbomachinery blades as a function of spool speed. The blade strains
change as the spool speed changes. On the other hand, heat soak effects provide the component material
temperature changes which are necessary to calculate the subcomponent thermal expansions or
contractions. Tip clearances are computed from the blade strains and overall thermal size changes. The
developed model does not include tip clearance effects because heat soak effects are not included as a
result of unavailable basic component weight and geometry.

Although nonlinear transient turboshaft NPSS models were developed, the linear models were
generated from the developed NPSS models across the flight envelope. The generated turboshaft linear
models were integrated with the simulation environment in Matlab. Using the linear models prevents the
computation overhead of integrating the Matlab environment with NPSS. Moreover, the imported linear
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models can be used with the functionality in Matlab unlike an external function call to NPSS. In particular,
the generated linear models can be used with the control functions in Matlab.

The created linear turboshaft models were scheduled across the flight envelope based on the flight
condition and power setting. To control the power turbine rotational speed, a Linear Quadratic Regulator
(LQR) controller design was used as the turboshaft speed governor. The scheduled linear turboshaft
models represented the turboshaft dynamics for the LQR process.

4.2.4.1 Quadrotor with Turboshaft - Implementation

The turboshaft quadrotor is equipped with two turboshaft engines coupled together. For the purpose
of dynamic analysis, a single turboshaft is modeled. In normal operation, the turboshaft provides half the
torque required by the four 4 rotors, and the angular velocity of the rotors are dictated by the angular
velocity of the turboshaft and the transmission ratio. In the case of an inoperative turbine, the full torque
of the four rotors is provided by the single modeled turbine.

4.2.4.2 Hybrid Electric Quadrotor - Implementation

The quadrotor with hybrid electric propulsion is equipped with a an electric turbogenerator and a
battery. The generator has been modeled as mechanical to electric conversion unit with a constant
efficiency of 90%. The electric motors, the battery and the electric generators are all connected and share
the same voltage.

Two modes of operations for the turbine have been modeled: all generator and battery-generator.

1. All generator
In this mode of operation, the generator is providing all the power required by the electric motors.
Consequently, in this mode, the battery is not used, unless a fault occurs.

2. Battery-Generator
In this mode of operation, the turbine is prescribed a power schedule as a function of the mission
segment, and the battery provides the difference between the power required and the power
produced by the gas turbine.

4.3 Guidance and Navigation

Sections 1.4 and 4.1.2 presented the NDARC design mission as a set of waypoints and velocities, while
sections 1.3 and 4.1.1 presented the various vehicles included in this research. In order for the vehicles to
fly the NDARC design mission, a guidance and navigation module together with a vehicle control module
is required. This section will discuss the guidance and navigation module. As seen in Section 4.1.2, the
NDARC Design mission can be divided into inertial reference frame waypoints (X, Z) together with the
velocity between sub sequential waypoints for which a reference frame definition can be seen in Figure
46.
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Figure 46 Reference Frame Definition

A high-level overview of the closed-loop simulation can be seen in Figure 47. The closed-loop
simulation consists of four fundamental pieces; the NDARC mission profile, the guidance and navigation
module, the vehicle control module and the airframe dynamics module. The vehicle control architecture
will be discussed in the next section. The NDARC mission profile is loaded into the guidance and navigation
module as a set of desired inertial reference waypoints and velocities. Current inertial reference
coordinates are being continuously sent from the airframe dynamics module and are used by the guidance
and navigation module to determine where the vehicle is currently located with respect to the NDARC
mission profile. The guidance and navigation module will output a desired forward velocity and rate of
climb defined in the inertial reference frame per the NDARC mission profile and as determined based on
the location of the vehicle with respect to the next waypoint in the X and Z direction as defined in Figure
46. Motion in the Y direction is not of interest as an output of the guidance and navigation module since
this motion is not specified by the NDARC design mission and can therefore be regulated by the vehicle
controller as will be discussed in the subsequent section. Tasks for the guidance and navigation module
include accelerating/decelerating from/to hover, a timed hover maneuver and an emergency landing.

NDARC Mission Profile
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Figure 47 Guidance and Navigation Module
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4.3.1 Accelerating/Decelerating from/to Hover

For deceleration to hover, an example of the output determination can be seen in Figure 48. The
vehicle is currently in a steady-state cruise climb to Waypoint 2 where a hover is required. If the vehicle
is relatively far from the waypoint, that is the distance to the waypoint is larger than 1,,4yp0int, then the
guidance and navigation module will command the desired vertical and horizontal velocity as referenced
from the NDARC mission profile for this flight phase. When the distance between the vehicle and the
waypointis smaller than 1,4yp0int, the guidance and navigation module will determine the desired output
velocities by linearly interpolating the desired velocities using the cruise velocity at 7y,4yp0in: and zero
velocity at the waypoint based on the distance from the waypoint. This ensures that zero velocity is
commanded when the vehicle is located at the waypoint.

Twaypoint

Waypoint 2
K2¥2)

oo

V4

Zl—>2

Zdes(')

Figure 48 Guidance and Navigation Model algorithm

Once the vehicle is ‘captured’ by the waypoint, the guidance and navigation module will switch modes
to keep the vehicle at the waypoint location for a duration of time specified by the NDARC mission profile.
The concept for the waypoint hover algorithm can be seen in Figure 49. In essence, the vehicle is
considered to be located at the waypoint of interest when the vehicle is within the sphere around the
waypoint defined by 7¢4ptyre- The commanded velocities by the guidance and navigation module are zero.
Once the vehicle moves outside the sphere defined by 7¢4ptyure, the guidance and navigation module will
determine the desired velocities by linearly interpolating from zero velocity at 1.4y tyre to @ maximum
velocity magnitude defined at 7y,4yp0int- This will ensure that the guidance and navigation module will
command an appropriate adjustment desired velocity to keep the vehicle at the waypoint.
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Figure 49: Waypoint hover algorithm

When accelerating from hover, the guidance and navigation module will command the increase in
both the vertical and horizontal velocity as a function of time as can be seen in Figure 50. For the horizontal
acceleration, the guidance and navigation module will linearly increase the desired velocity to the final
cruise velocity over 60 seconds. This in part to ensure the vehicle does not lose significant altitude when
acceleration, to ensure the load factor is realistic for a simulated acceleration and to ensure the power
transient is not unrealistically large. The desired vertical velocity is linearly increased over 10 seconds to
ensure a realistic power transient.

t(s)

Zdes(')

Figure 50 Acceleration Algorithm

4.3.2 Emergency Landing Maneuver

In the case of an emergency during flight, an emergency landing maneuver is triggered. The guidance
and navigation module will switch modes to bring the vehicle to the ground in a safe and fast manner. The
emergency landing maneuver algorithm can be seen in Figure 51. When an emergency is declared, the
mission manager will switch to command a downward velocity of 15 ft/s for the remainder of the flight.
The horizontal velocity is linearly interpolated through altitude starting from the initial velocity at the
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beginning of the maneuver at the current flight altitude to zero velocity on the ground in order to slow
the vehicle down horizontally before the landing. As motivated in Section 1.4, a downward velocity of 15
ft/s is chosen to ensure a vertiport can be reached within five minutes from the maximum cruise altitude.
Again, a touchdown velocity of 15 ft/s is in reality too high to ensure a safe landing. However, the
emphasize here is on evaluating whether the vehicle could get close to the ground for the pilot to attempt
to make a landing in the first place or if the magnitude of the emergency prevents this.

Xdes("')

XZ%S

Emergency
. 0 Declared
ZZ -3 t(s)

Z.n!es =15 ft/s

Zdes(+)

Figure 51: Emergency Landing Maneuver Algorithm

4.4 Flight Control Architecture

The previous section showed how the guidance and navigation module provides desired horizontal
and vertical velocities such that the vehicle follows the NDARC design mission, or in the case for an
emergency landing, towards a landing. A stabilizing and robust vehicle controller is required to follow
these commands being sent from the guidance and navigation module. Referencing Figure 47, while the
previous section outlined the guidance and navigation module, this section will focus on the derivation of
the vehicle control. The Linear Quadratic Integral (LQl) control architecture was chosen as the baseline
flight controller for both the variable propeller pitch and variable RPM control vehicle architectures [74].
Given the diverse range of considered vehicle configurations, control architectures and overall flight
envelope in this research, the application of a linear optimal control architecture is considered a good
match. The LQI architecture, as will be discussed later in this section, is relatively straightforward to
implement and facilities the tuning process to allow for a robust performance in diverse operating
conditions.

Some background on the LQI control can be provided. The LQI control architecture is an extension of
the more popular Linear Quadratic Regulator (LQR) problem where traditionally an optimal state-
feedback gain is determined that will achieve guaranteed robustness while minimizing energy spent [75].
The guaranteed robustness is achieved in the LQR problem by minimizing a quadratic cost function to
regulate the states back to their equilibrium, that is x(t) = 0. However, state regulation will not be desired
in the case of the application as a baseline flight controller in this application which requires robust
tracking of non-zero states. Therefore, the LQR control architecture will not suffice. In order to combat
this inherent shortcoming of the LQR, the theorem can be extended to allow for integral based state
tracking which gives rise to the LQI problem. The availability and observability of all states is a necessary
requirement in order to apply linear quadratic control. This assumption in the simulation environment is
deemed acceptable given that the emphasis of this research task is on providing an environment to
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perform a reliability assessment. This can be achieved with any stabilizing and robust baseline controller,
but the LQI control was selected for its optimality characteristics and low tuning requirements.

The LQI problem can be defined as follows [2]. Consider a linear, state-space dynamic system model:

x = Ax + Bu (35)
y =Cx
Where, x € R" is the state vector, y € R? is the output vector, u € R™ is the control input vector, A €
R™ ™ represent the system dynamics, B € R™™ is the input matrixand C € RZ*™ s the output matrix.
Tracking states of interest can be concatenated to the state vector x:
= &

Where, ¥ € RP is the integrated error signal between desired tracking state reference values, r € RP,
and desired tracking state outputs,y € RP:

x(t) = f(r —y)dt (37)
Which can be written for implementation in a discrete simulation environment as:
Xipr =% + (rp —ypdt (38)

As shown in [2], an optimal state-feedback control gain matrix K € R™*(™*P) can be synthesized such
that state-feedback control law:

. =

minimizes the following cost function:

J) = f OO[ZTQZ + uTRu]dt (40)
0

Where, Q € RM™*P)X(+P) i 3 diagonal matrix where the terms represent a weighting factor for state
diversion of vector z, and R € R™ ™ is a diagonal matrix where the terms represent a penalization of
control action in u. Matrix Q and R are considered tuning matrices to influence the transient and steady-
state performance of the LQl controller.

The proposed LQI control architecture will be used both for the variable pitch and variable RPM vehicles.

4.4.1 Variable Pitch Vehicle LQI

The LQI control architecture for the variable pitch vehicle can be seen in Figure 52.
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Figure 52 LQI Control Architecture Applied to Variable Pitch Vehicle

The reference tracking states of interest for the LQI collective pitch controller are the forward velocity
in the inertial reference frame, X4, and the rate of climb in the inertial reference frame, Z.s, both
provided by the NDARC mission profile. All other states, that is the side velocity in the inertial reference
frame (Y), the angular rates in the body reference frame (p, g, ), and the attitude angles (¢, 8,y), are
regulated in steady-state, except for the pitch angle (8) which in practice settles at a non-zero value
during non-hover operations. () represents the motor RPM value for the n motors. The powertrain
attempts to keep the RPM value constant between the motors in the collective pitch control vehicle. The
wind disturbance acts as an external unknown disturbance to the system.

The dynamic model used for the variable pitch vehicle LQl is defined as followed and was obtained
through the reduced order modeling presented in Section 4.1.3.

P1 P (41)
q q

T r u

U u uO

v|=Alul+B]|

il

¢ ¢ ped

2] 0

1)) L) ]

4.4.2 Variable RPM Vehicle LQI

The LQI control architecture for the variable RPM vehicle can be seen in Figure 53.
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Figure 53 LQI Control Architecture Applied to Variable RPM Vehicle

The reference tracking states of interest for the LQlI RPM controller are the forward velocity in the
inertial reference frame, X5, the rate of climb in the inertial reference frame, Z,, both provided by the
NDARC mission profile. Different from the LQl for the variable pitch vehicle, the heading angle (1) is added
as a reference tracking state to improve the stability of the system. All other states are regulated by the
LQl. Q represents the motor RPM value for the n motors which acts as the control input to the vehicle.
The wind disturbance acts as an external unknown disturbance to the system.

The dynamic model used for the variable RPM vehicle LQl is defined as followed and was obtained
through the reduced order modeling presented in Section 4.1.3.

[P]  P; (42)
q q

T r

u u 0

vli=Alul|l + 5] ..

wlowl o la,

¢ ¢

] 0

] Ll

An important observation on the control development and the dynamic models used for its synthesis
is the fact that the rotor acceleration and its reaction on the vehicle is not considered as part of the yaw
dynamics: only the reaction associated with the increased drag on the rotor.

4.4.3 One Motor Inoperative (OMI) LQI

It was found that in order to evaluate the one motor inoperative (OMI) condition for the hexacopter
and octocopter variable RPM vehicles, the LQl controller required a modification such that a trim
condition could be found. This is due to the fact that the linear models provided are not linearized around
OMI conditions and so some modifications are required to allow for this analysis. In comparison, the
hexacopter with pitch control did not exhibit this problem, and for this configuration, the nominal
controller is used during the OMI condition.
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Equation (35) shows the linear, state-space dynamic system model used in the control synthesis of the
LQl controller. The input matrix, B, models the effect of individual rotor RPM on the state vector. In the
case that one motor is out, one column in the B matrix effectively becomes zero. A new definition for the
input matrix is required at this point due to the reconfiguration of control power.

For the purpose of the assessment of the dynamic response to a motor fault, a series of new controllers
were defined for the hexacopter RPM and octocopter RPM vehicle. Each controller is assigned to an
individual OMI condition (Controller “A” for the case of Motor 1 out, Controller “B” for the case of Motor
2 out, etc). The consequence to this configuration is that there is a need to assume that a fault in the
powertrain can be diagnosed and recognized.

The controller for the OMI condition is a modified version of the LQl formulated in the previous section.
Rather than considering the individual rotor angular velocities as the control input as expressed in
Equation (42), the controller considers independent axes effectors. The linear dynamic model is re-casted
as follows:

P] P17 1 0 0 0 (43)
q q 0100

r r 0 0 1 0|

u u 0 0 0 Offs

v =Alu|l+Blo 0 0 of| 12

W w 0 0 o 1f|%

¢ ¢ 0 0 0 0]Ow

9 0 0 0 0 0

1)) 1)) 0 0 0 0

The symbols §; represent the contribution of individual vector, defined offline, as vector of angular

ow:n

velocities that only affect a single axis “i”.

The vectors representing the control input to achieve a unit acceleration along one axis were defined as
the result of an optimization routine. For the case of motor 1 inoperative, the control input to provide a
unit acceleration along the z-axis, W, was found by solving:

Min: [Q, ..Q04]T[Q, ... Q4] (44)
w.r.t.:  control input: Q, ... Q¢
s.t.: [p,qr]=0
w=1

The vectors found for the 4 axes are then used to populate the matrix Tjs_,, Which can transform the
axial effectors to individual angular velocities:

5, (45)

o)
u= T[5—>u] 6q
r

Sw
For the hexacopter RPM-control aircraft in hover, the transformation Tisyyis as follows:
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0 0 0 0 (46)
—1.38 095 69 —449

T _|-132 -496 22 -—144

6-ul = 1_128 29 21 239
-135 —-29 -22 146

0.07 396 —-94 -193
The same approach is implemented for the octocopter aircraft.

As discussed in the previous section, it is assumed that the rotor fault detection is immediate. Once the
detection occurred, the transition from the nominal to the OMI controller happens over 10 seconds, with
a gradual linear mixing between the generated two control inputs.

4.5 Fault models

4.5.1 Electric Powertrain modeling

The model described in section 4.2.1 is then equipped with dynamic models of the electric drive
system faults with the aim of evaluating the overall system reliability using Dynamic Event Tree (DET).
Considering the FTA and FMECA process proposed in section 2.4 the fault models have been integrated in
the electric powertrain model, as shown in Figure 54. Figure 55 shows the different torque and g-axis
current profiles that can be achieved by injecting faults in the electric powertrain model, highlighting the
corresponding class of effect, including no torque, low torque, high torque, torque transient, torque ripple
and high torque oscillations due to short circuit. In the reported cases, the faults have been injected at
the time instant of 2s, but both the magnitude and the time injection can be set as desired.
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Figure 54: Block Diagram of the Dynamic Model of the electric propulsion system including fault
injection points.
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Figure 55 Electric Drive fault modes applied at t = 2s

4.5.2 Transmission Faults

For the cross shafting transmission model, two faults are included in the model: the isolation of one
rotor and the loss of transmitted power. For the condition with rotor isolation, the dynamics of the
individual rotor is calculated on its own and the other rotors are assumed as still connected. The loss of
transmitted power is modeled as an extra power required at the rotor, in percentage of the nominal
power.

4.5.3 Actuator Faults

Two types of actuator failure modes are considered for transient analysis of the system: i) Actuator
floating and ii) Increased deadband. With two actuators per rotor allocated to all collective-control
configurations, the effect of one actuator floating was simulated simply as a decrease of overall actuation
rate by a factor of 50%. The increased dead band failure effect is simulated by a decrease in the range of
actuator motion by 50%. Both of the simulated scenarios are reflective of EMA failure behavior in general
for the associated failure modes and would require dynamic simulation to determine the resulting effects
at the aircraft level.

4.5.4 Turboshaft Engine Faults

The turboshaft aircraft has a model for the one engine inoperative and for a transmission loss. Since
the aircraft is equipped with two turbines, the engine inoperative condition leads to the transfer of the
full power required on a single turbine. The transmission loss fault is represented as an additional torque
required on one of the turbines.

4.5.5 Turbine-generator Faults

Similarly, the turbogenerator has a model for the one engine inoperative and for a transmission loss.
Since there is a single turbine in the turbogenerator, the engine out condition leads to no electric power
available from the turbine. The transmission loss is expressed as an additional torque required on the
turbine.
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4.6 Vehicle Performance Verification

Before analyzing specific fault cases, it is valuable to analyze the nominal behavior of the quadcopter,
hexacopter and octocopter vehicles and compare the results with the steady state operating point
provided by NDARC [11]. For all configurations, the nominal NDARC design mission has been shortened
to only simulate the second segment without the reserve mission. This decision was taken to decrease
the total simulation runtime. To still capture the effect of the first segment of the mission profile, the
battery model depth of discharge has been calibrated such that the battery model is initialized in the
simulation as if the first segment has been completed.

The details of the nominal flight profile are shown in the Appendix J:

e Nominal flight of the quadrotor with an electric powertrain;

o Nominal flight of the quadrotor with a hybrid electric powertrain;
e Nominal flight of the quadrotor with a turboshaft;

o Nominal flight of the hexacopter with pitch control;

e Nominal flight of the hexacopter with RPM control;

o Nominal flight of the octocopter with RPM control.

The nominal flight results show the vehicle and powertrain states during the second leg of the mission.
All aircraft successfully complete this flight.

Appendix K also shows a representation of an emergency landing for the electric quadrotor. The
emergency landing maneuver is triggered while the aircraft is in cruise-climb to illustrate the trajectory
during this diversion maneuver. The electric quadrotor successfully lands and completes the emergency
landing.

The Appendix L presents the results of the operation with one motor inoperative or one engine
inoperative for the various aircraft. For the various aircraft, a fault is introduced at time t=200s, and the
aircraft attempt to fly the nominal mission. The simulations illustrate the following results:

The electric quadcopter is able to complete the mission with one motor inoperative.

e The quadcopter with a turboshaft powertrain has one of its two turboshaft turned off at t=200s.
The remaining turboshaft sees an increased load, but the aircraft is able to complete the whole
mission.

The hexacopter with pitch control is able to complete the mission with one motor inoperative.

e For the RPM-Control aircraft (hexacopter and octocopter), the aircraft are not able to complete
the mission due to the inability to keep the aircraft on a controlled stable path.

The hybrid quadcopter is not modeled with its turbogenerator inoperative, as this would automatically
trigger an emergency landing.

The results of the nominal missions illustrate that the environment is ready to be used for more in-depth
analyses case studies.
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5 RESULTS

5.1 Static Safety and Reliability Assessment Results

The purpose of this section is to review the results of the static safety and reliability assessment
process, which primarily includes the FHA, FMECA and FTA results.

5.1.1 Functional Hazard Analysis (FHA)

The safety analysis process for this study began with a functional hazard analysis. First step of FHA is
to identify primary functions of the aircraft and its major systems (e.g. convert electrical energy to torque)
and their failure conditions (e.g. single propulsor fail, dual ESC fail etc.). For each failure condition, an
aircraft level end-effect is postulated considering the loss of the function, incorrect operation of the
function, or inadvertent occurrence of the function when not desired. Using hazard classification
guidelinesTable 9: Hazard Severity Classification used in FMECA and DET analyses, each failure condition
is given a severity classification (as detailed in Section 2.2.1, Table 9). The FHAs for six configurations may
be found in the Appendix A.

5.1.2 Failure Modes, Effects and Criticality Analysis (FMECA)

The FMECA analysis for each of the six configurations may be found in the Appendix B. It details all
the major system and component level failure modes, their immediate effect at the system level and end
effects at the aircraft level. Failure rates calculated for the failure modes with their probabilities (Beta
values) are used in the FTA analysis, as described in detail in Section 2.5.2

5.1.3 Fault Tree Analysis (FTA)

The FTA diagrams for each of the six configurations may be found in the Appendix C Table 19, Table
20, Table 21, Table 22, Table 23, Table 24 summarize the FTA for six configurations. As per NASA’s request,
The FTA results include overall aircraft reliability with and without Rotor Gear Box failure considerations,
to gain further insights into the impact of design choices related to the propulsion and control systems on
the aircraft reliability with and without the RGB which is a common single-point-of-failure (SPOF) among
all configurations. All six configurations are assumed to be flying in 25% OEI Avoid Region.

Comparison by propulsion-system choice: All-electric, Hybrid-electric and Turboshaft

The quadcopter FTAs are detailed in the APPENDIX C, Figures C1, C2 and C3. For all quadcopter
configurations, loss of single rotor (with or without a propulsor loss) is considered catastrophic. For the
Quadcopter electric and hybrid configurations, dual electric motor loss outside of the OEl avoid region
will result in insufficient power to sustain the flight and hence is considered catastrophic. Similarly, dual
turboshaft engine loss outside of the OEl avoid region for quadcopter turboshaft configuration is
considered catastrophic. As shown in the Table 19, Table 20, and Table 21, higher failure rates related to
ED components compared to twin-turboshaft engine seem to suggest that the electric propulsion
technology requires significant improvements in the component reliability across the board to be
comparable with the proven higher reliability systems in the aircraft industry. Overall low aircraft
reliability can be attributed to the common cause failures related to the cooling systems of the electric
drive components which include EM cooling, ESC cooling and ESS cooling. All cooling systems use same
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set of basic components and so those have same fault topology (and hence similar reliability). Such
common cause failures offset the benefits of modular battery packs allocated to each propulsor.
Significant design improvements of the liquid cooling systems are required to improve their component
reliability. Additionally, A single LV battery, is another SPOF which may result in the complete failure of all
ESCs and FCC, in turn resulting in catastrophic outcome for the aircraft. Therefore, by increasing the
redundancy in the form of multiple LV power sources and/or backup battery cooling, incremental
improvements in the aircraft reliability can be made. However, such exercise in redundancy has limitations
due to overall sizing constraints. Therefore, reliability allocation must be performed with the vehicle sizing
in the loop to ensure that only feasible design choices are considered. Additionally, the comparison of the
FTA results with and without considerations of RGB related failures suggest that overall impact of the ED
common cause failures is substantial and so there are no reliability improvements noticed despite
considering a hypothetical aircraft architecture that does not include RGB as a SPOF.

Table 19. Quadcopter electric FTA summary

Description Failure Rate per Flight Hour Failure Rate per Flight Hour
(RGB Considered) (RGB not considered)
Overall 4.90E-05 4.88E-05
Dual Propulsor (EM) Failure 2.68E-05 2.68E-05
Single Rotor Loss 1.65E-07 1.33E-08
OEl Propulsion Loss 2.18E-05 2.18E-05

Table 20. Quadcopter hybrid FTA summary

Description Failure Rate per Flight Hour Failure Rate per Flight Hour
(RGB Considered) (RGB not considered)
Overall 1.55E-05 1.54E-05
Dual Propulsor Failure 1.01E-05 1.01E-05
Single Rotor Loss 1.64E-07 1.32E-08
OEl propulsion Loss 1.42E-05 1.42E-05

Table 21. Quadcopter Turboshaft FTA summary

Description Failure Rate per Flight Hour Failure Rate per Flight Hour
(RGB Considered) (RGB not considered)
Overall 3.93E-06 3.78E-06
Dual Turboshaft Fail 9.21E-14 9.21E-14
Single Rotor Loss 1.64E-07 1.30E-08
OEl Propulsion Loss 1.52E-07 1.52E-07

Comparison by Flight Control Method: Collective and RPM-Control

The hexacopter FTAs are described in detail in the 210APPENDIX C, Figures C4 and C5. For both six
rotor configurations, dual rotor failure is considered catastrophic, due to resultant loss of power and
control authority. The fault trees for the collective and RPM-control hexacopter differ only by the addition
of dual actuators per rotor for collective-Control hexacopter. Table 22 and Table 23show the FTA results
for hexacopter with collective and RPM control. Due to very high reliability of the dual actuator
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configuration compared to the rest of the systems, there is no noticeable difference in overall reliability
of the two configurations. Also as with the quadcopter electric/hybrid configurations, consideration of
RGB failures does not impact overall aircraft reliability, again substantiating the multilayered reliability

weaknesses in the electric drive system.

Table 22. Hexacopter collective FTA summary

Description Failure Rate per Flight Hour Failure Rate per Flight Hour
(RGB Considered) (RGB not considered)
Overall 9.84E-05 9.83E-05
Dual Rotor Failure 6.55E-05 6.55E-05
OEl Propulsion Loss 3.26E-05 3.26E-05

Table 23. Hexacopter RPM FTA summary

Description Failure Rate per Flight Hour Failure Rate per Flight Hour
(RGB Considered) (RGB not considered)
Overall 9.84E-05 9.83E-05
Dual Rotor Failure 6.55E-05 6.55E-05
OEl Propulsion Loss 3.26E-05 3.26E-05

Comparison by Number of Rotors: Six vs Eight Rotor (RPM-control) Configuration

The hexacopter RPM-control and octocopter RPM-control FTAs are described in detail in the
APPENDIX C, Figures C5 and C6. Table 23 and Table 24show the results of the static safety assessment for
hexacopter and octocopter with RPM control. For RPM-Control octocopter, triple rotor failure is
considered catastrophic. Even though each rotor has isolated battery packs for the motor, the HV battery
cooling system and LV battery (for ESC control and FCC power) is shared by all the rotor electric drives,
just as for the other electric and hybrid propulsion architectures. For octocopter, these common cause
failures offset the benefits of additional rotors and result in overall lower reliability numbers compared to
RPM-Control hexacopter. Therefore, purely from the static reliability perspective, for the RPM-control
configurations, increasing the number of rotors negatively impact the overall reliability of the aircraft.

Table 24. Octocopter RPM FTA summary

Description Failure Rate per Flight Hour Failure Rate per Flight Hour
(RGB Considered) (RGB not considered)
Overall 2.72E-04 2.72E-04
Triple Rotor Failure 2.42E-04 2.42E-04
OEl Propulsion Loss 3.04E-05 3.04E-05
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5.1.4 Reliability impact of Turbine-Generator Interface Design Choice: Direct-drive
versus Gearbox

The Quadcopter Hybrid architecture uses a direct-drive turbogenerator. An alternate geared
turbogenerator design would include an additional reduction gearbox between the turboshaft engine and
the electric generator. Adding more components to the vehicle increases the failure rate calculated by the
FTA, but in this case the impact on the overall failure rate of the vehicle is insignificant, as shown in Table
25. From previous studies on reported annual wind turbine generators, the failure rate of a generator
gearbox was assumed to be approximately 4.289E-06 per hour assuming 90% operational up-time during
the year [76]. The addition of the gearbox increases the failure rate of the turbine-generator system and
the hybrid power system by one order of magnitude. However, compared to the rest of the vehicle
component failure rates, the hybrid power system failure rate is lower by several orders of magnitude.
Thus, the impact of the additional gearbox on failure rates is greatly diminished at the vehicle level.

Table 25. Comparison of Direct-drive and Geared Hybrid Quadcopter

Architecture | Turbine-generator Failure Power System Failure Overall Vehicle Failure
Rate per Flight Hour Rate per Flight Hour Rate per Flight Hour
Direct Drive 4.508E-06 3.538E-11 1.553E-05
Geared 3.132E-05 2.458E-10 1.553E-05

5.1.5 Reliability comparison between Cross-shafting System and Redundant Motors

The cross-shafting system adds a degree of redundancy for the quadcopter electric and hybrid
architectures. When an electric propulsor fails, the rotor can continue spinning with the help of remaining
electric propulsors connected through the cross-shafting system.

A theoretical dual-motor design for the quad-electric was analyzed to determine the feasibility of
replacing the cross-shafting system with a redundant electric propulsor for each rotor. As with all other
guadcopter configurations, all electric propulsors share the same LV power source; the two motors on
each rotor share a single cooling loop and the two ESCs share the same cooling loop as well. The sizing of
the vehicle was assumed to not change for the dual-motor design, i.e. both electric propulsors on each
rotor combined produce the same amount of power as the single propulsor in the base quad-electric
configuration design.

Without the cross-shafting system, the fault tree of the dual-motor quadcopter configuration
resembles the fault tree of hexacopter collective-control configuration. Figure 56 shows the fault tree of
a single rotor in the dual-motor quadcopter. Failure of either the reduction gearbox, collective actuators,
the battery pack with the associated energy distribution components, or both electric propulsors result in
catastrophic loss of rotor function. Figure 57 shows the top level of the dual-motor quadcopter fault tree.
Compared to the base quad-electric design, OEl propulsion loss for the dual-motor configuration involves
failure of any two electric propulsors which is the same loss of 25% of total propulsive power; catastrophic
loss of propulsive power is triggered by loss of any three electric propulsors resulting in greater than 25%
loss of propulsive power. Failure of a single rotor on the dual-motor quadcopter is considered catastrophic
just as in the base quad-electric design.
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Table 26 shows the failure rates of several major catastrophic events as well as the overall
catastrophic failure rate of the overall vehicle architectures. Compared to the base quad-electric
configuration, the dual-motor quadcopter has a lower failure rate for insufficient propulsive power both
in and out of the OEl avoid region. However, the failure rate of catastrophic loss of function for a single
rotor is significantly increased and offsets the benefits of the redundant electric propulsor at the overall
vehicle level for the dual-motor design. In summary, the cross-shafting system is beneficial in case of the
single propulsor failure, allowing for the uninterrupted power supply to the rotor with faulty propulsor.
On the other hand, the redundant electric propulsors provide gains in terms of additional propulsive
power that proves beneficial in OEl scenarios.

An additional comparison can be made between the base quad-electric configuration and the
hexacopter collective-control configuration. In place of the cross-shafting system, the Hexacopter has two
additional rotors. The addition of two extra rotors does not provide benefits when compared against the
cross-shafting system as the additional rotors reduce overall reliability due to the ED common cause
failures already mentioned earlier, thus not providing the vehicle with enough redundancy to match the
reliability of the cross-shafting system.
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Figure 56: Fault Tree of a Single Rotor with dual electric motors (Quadcopter with No Cross-Shafting)
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Figure 57: Top level fault tree of the dual-motor quadcopter design.

5.1.6 Reliability Comparison between Additional Rotors and Redundant Motors

A theoretical dual-motor configuration for the RPM-control Hexacopter was created to compare the
reliability of the hexacopter and octocopter configurations. Figure 58 shows the fault tree of a single rotor
for the dual-motor configuration of the hexacopter. Compared to the base RPM-control hexacopter, each
rotor on the dual-motor configuration has an extra motor, ESC, and clutch. The two motors share a single
cooling loop and both ESCs also share the same cooling loop.

Figure 59 shows the top level of the fault tree for the dual-motor hexacopter configuration. Just as for
the base RPM-control hexacopter, loss of two rotors is considered catastrophic compared to loss of three
rotors on the octocopter. Out of the twelve (12) electric propulsors (consisting of a motor, ESC, and
clutch), loss of three (3) propulsors in the OEIl avoid region (resulting in loss of 25% propulsive power) is
considered catastrophic while loss of four (4) propulsors in the region away from OEl avoid region (loss of
>25% propulsive power) is considered catastrophic. Table 27 shows the comparison of the top-level failure
modes for both hexacopter configurations and the octocopter RPM-control configuration, ignoring the
effects of the mechanical RGB to better isolate the effects of the number of rotors and propulsors. Due to
the effect of ED related common cause failures in both vehicles, overall system reliability scales poorly
with the increase of rotors. The dual-motor configuration has a lower failure rate for a catastrophic loss
of propulsive power in the OEl avoid region, while the new failure mode (loss of propulsive power out of
the OEIl avoid region) has a very low failure rate. The Octocopter has higher overall catastrophic failure
rate due to the significant increase in the catastrophic rotor failure (loss of three rotors).
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Figure 58: Fault tree for a rotor in the dual-motor Hexacopter design.
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Table 26. Comparison of RPM-Control Hexacopter and Octocopter configurations ignoring effects of

the RGB.
Propulsion Loss Propulsion Loss
Catastrophic in OEl Avoid away from OEI Overall
Rotor Region Avoid Region Catastrophic
Architecture Failure Rate per  Failure Rate per Failure Rate per Failure Rate per
Flight Hour Flight Hour Flight Hour Flight Hour
Hexacopter RPM-
Control (without RGB) 6.554E-05 3.257E-05 N/A 9.829E-05
Hexacopter Dual-
.554E- 2.545E-07 1.012E- . E-
motors (without RGB) 6.554E-05 545E-0 0 06 6.598E-05
Octocopter RPM-
2.419E-04 .037E- N/A 2.724E-04
Control (without RGB) 9E-0 3.037€-05 / 0

Since the base configurations are severely limited by common cause failure modes, the results do not
reflect the full potential of the vehicle architectures. While the analysis was not conducted, it is feasible
that the hexacopters and octocopter could be redesigned with more redundancy. Thus, the FTA analysis
was again performed for the same three configurations without any common cause failure modes. Each
propulsor component would have its own independent LV power source and cooling system, such that
failure of one would not trigger failure in any other propulsors. In addition, the HV battery pack for each
rotor has an independent cooling system as well. Table 27 shows the comparison of top-level failure
modes for the more redundant designs. Without the detrimental effects of common cause failures, the
octocopter is much more reliable than the hexacopter; every major top-level failure mode is improved for
the octocopter. The dual-motor hexacopter design has a lower overall catastrophic failure rate than the
octocopter. Compared to the octocopter, the dual-motor hexacopter has a higher failure rate for
catastrophic rotor failure (dual rotor failure for the hexacopter and triple-rotor failure for the octocopter)
but it is compensated by the lower failure rate for the OEIl propulsion loss. Without common cause failure
modes, the reliability gap between the octocopter and the more redundant dual-motor hexacopter design
is much closer. In the absence of such common cause failures, electric distribution system component
failures prove as the most significant contributor to the overall catastrophic failure rate for both
configurations.

Table 27. Comparison of RPM-Control Hexacopter and Octocopter configurations ignoring effects of
the RGB and Common Cause Failure Modes.

Architecture | Catastrophic Rotor OEIl Propulsion Loss Out of OEI Overall
Failure Rate per Failure Rate per Propulsion Loss Catastrophic
Flight Hour Flight Hour Failure Rate per Failure Rate per
Flight Hour Flight Hour
Hexacopter
RPM-Control 7.630E-09 3.383E-05 N/A 3.428E-05
(Without RGB)
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Hexacopter
Dual-motors 1.235E-09 2.083E-10 1.533E-11 4.387E-07
(Without RGB)
Octocopter
RPM-Control 6.404E-13 3.561E-09 N/A 4.405E-07
(Without RGB)

5.2 Dynamic Safety and Reliability Assessment Results

In this section, we will contrast and compare various configurations and technologies which require
transient analysis of the aircraft and its subsystems.

5.2.1 Overall Architecture Comparison using DET Analysis

Comparison by Choice of Propulsion Systems: Quadcopter Electric, Hybrid and Turboshaft

Tables A summarize the DET results for quadcopter turboshaft vehicle (detailed DET results in Appendix
D, Tables D1.1-D1.6).

Table 28. Quadcopter Electric Dynamic Event Tree (DET) Summary

Outcome Type Single Faults Double Faults
ED TS ACT ED-ED ED- ED- TS-
TS ACT ACT
Catastrophic (> 10°) 0 6 0 0 0 0 0
Critical (> 107) 0 0 0 0 0 0 0
Catastrophic (€10?) 0 0 0 9 19 0 9
Critical (<107) 0 0 0 0 0 0 0
Major 3 0 0 0 0 0 0
Minor 0 0 0 0 0 0 0

Quadcopter Electric configuration single faults result (Appendix D, Table D1.1) show that the
vehicle is able to handle all ED faults (including OMI) and is able to continue its mission without any critical
or catastrophic outcomes. However, high torque and torque ripple faults in a single motor during
takeoff/climb and landing phases respectively trigger power limit state error flag suggesting that the
additional power demanded from the remaining motors exceeds the MCP rating of single or multiple
motors during the demanding flight phases. Quadcopter electric configuration is also able to handle two
actuator faults (floating surface and increased deadband) on a single rotor without any undesirable
outcomes. In case of failure of one of the four cross-shafts, the respective motor is isolated. In such cases,
controller reconfigures the motor operation, allowing for the isolated motor to function independently.
The outcomes of TS- Front left motor isolated fault scenario confirms this outcome. However, severe
transmission related soft failures (TS SL-3) result in catastrophic outcomes for the aircraft. Such cases, for
example could be due to severe damage in Rotor Gear Box (RGB) which is the last component in the
driveline connected to the rotor, so in absence of any redundant options, a severe damage in component
could result in drop in RPM of the affected rotor, indicated by RPM too low flag in the simulation.
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For quadcopter electric or hybrid configurations, any two ED-related faults in same motor do not cause
any severe perturbations from the nominal behavior since remaining motors in combination with the
cross-shafting are successfully able to smooth out any torque/RPM related errors for the rotor which is
connected to a faulted motor. Therefore, this scenario for the quadcopter electric (and hybrid) provides
safe outcomes for all cases (Appendix D, Table D1.2). Similarly, any two ED-ACT related faults in same
driveline do not cause any undesirable outcomes (Appendix D, Table D1.3). However, as it occurs for single
TS fault scenarios, TS SL-3 faults injected in combination with ACT faults (Appendix D, Table D1.4) or ED
faults (Appendix D, Table D1.5) result in catastrophic outcomes due to loss of power and subsequent loss
of RPM (as indicated by RPM too low flag) and complete loss of vehicle control (as indicated by Over-G
flags). Although the frequency of such outcomes is high, all double fault scenarios that result in
catastrophic outcomes have likelihood values that are less than EASA threshold of 10° and hence are not
critical in nature.

For quadcopter electric (or hybrid configuration), any two ED-related faults in two different motors
(Appendix D, Table D1.6) result in some cases with catastrophic outcomes (however likelihood of such
outcomes is less than EASA threshold). All failures have RPM too low flag, suggesting limitations of current
motors which are sized for OMI but are not able to match the power deficit in case some severe faults
occur in two out of four motors.

Tables B summarizes the DET results for quadcopter hybrid vehicle (detailed DET results in Appendix D,
Tables D2.1 & D1.2-D1.6). Quadcopter hybrid architecture only differs from the quadcopter electric
architecture in the way energy is generated and/or supplied to the electric motors. For electric case,
battery is the source of energy while for hybrid case, turbo-generator is the main source and battery
functions as auxiliary unit, in case of emergency use. Therefore, all common single faults for the two
configurations have identical results (Appendix D, Table D2.1) It is important to note that for the hybrid
system, the power available from the battery and generator are combined and the power limit has not
been reached for this aircraft. Only additional fault scenarios considered for the hybrid vehicle are
concerned with the turbine-generator related faults. Some very low efficiency cases for the turbine
generator result in catastrophic outcomes for the aircraft where instability occurs during the emergency
landing.

Table B. Quadcopter Hybrid Dynamic Event Tree (DET) Summary

Outcome Type Single Faults Double Faults

ED TS ACT TG | ED-ED ED-TS ED-ACT TS-ACT

Catastrophic (>10°) | 0 6 0 2 0 0 0 0

Critical (>107) | O 0 0 0 0 0 0 0

Catastrophic (<10°) | 0 0 0 0 0 19 0 9

Critical (<107) | O 0 0 0 0 0 0 0

Major | 3 0 0 0 0 0 0 0

Minor | O 0 0 3 0 0 0 0

Tables C summarizes the DET results for quadcopter turboshaft vehicle (detailed DET results in Appendix
D, Tables D3.1-D3.2). The vehicle shows very reliable dynamic response to all the single faults cases
(including OEI case) at all four FIPs (Appendix D, Table D3.1), assuring that second operating engine is
sized to handle the power demand at all four FIPs in case of faulty conditions. Also, unlike quadcopter
electric or hybrid configurations, for the transmission fault scenarios where the transmission efficiency
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drops severely, the turboshaft engine is able to compensate for the required power deficits, indicating
stark contrast between the power sizing of turboshaft configuration and electric/hybrid configurations
provided by NDARC.

TABLE C. Quadcopter Turboshaft Dynamic Event Tree (DET) Summary

. Double
Outcome Type Single Faults Faults
Engine-OEl ACT TS | TS-ACT

Catastrophic (> 10?®) 0 O 0

0
Critical (> 107) 0 0 o 0
Catastrophic (£10?) 0 0 o 0
Critical (£107) 0 0 0 0
Major 0 0 0 0
Minor 0 0 o0 0

Comparison by Flight Control Method: Hexacopter Collective and RPM-Control

Tables D summarizes the DET results for hexacopter Collective-Control vehicle (detailed DET results in
Appendix D, Tables D4.1-D4.3).

TABLE D. Hexacopter Collective-control Dynamic Event Tree (DET) Summary

Outcome Type Single Faults Double Faults
ED TS ACT | ED-ED ED-ACT
0 0 0 0

Catastrophic (> 109)

0
Critical (> 107) 3 0 O 0 0
Catastrophic(<10°%) | O 0 O 0 0
Critical (107) 0O O 0 0 3
Major 0 O 0 0 0
Minor 0 O 0 0 0

Hexacopter collective control configuration single faults results (Appendix D, Table D4.1) show that critical
outcomes for ED faults trigger Motor temperature too hot condition in the case for a low torque and high
torque fault. Upon closer inspection, the Motor temperature too hot is showing for Low Torque (SL1) (least
severe) while this low torque (SL3)(most severe) is not resulting in any off nominal outcomes. This
somewhat counterintuitive result can be understood by analyzing the specific motor that overheats at the
time of the fault. Figure 60 and Figure 61 show a comparison between the two cases for torque available
and required for motor 1 and the RPM value for each motor respectively. By failing motor 1 with low
torque, the speed control loop is bypassed and a constant torque available is provided by the motor. This
results in the RPM values for motor 1 to be different than for the remaining non-failed motors. It can be
seen that for both cases a decrease in required torque for motor 1 increases the RPM value for the failed
motor 1. In the case of the failed motor 1 (SL1), the RPM value increases more significantly than for the
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failed motor 1 (SL3). This increase in failed motor 1 (SL1) eventually overheats motor 1 which triggers the
fault seen in TABLE D.

Torque balance Motor 1 Torque balance Motor 1
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Figure 60 Hexacopter collective Low Torque (SL1) Motor 1 Torque Balance (LEFT) and Hexacopter
collective Low Torque (SL3) Motor 1 Torque Balance (RIGHT)
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Figure 61 Hexacopter collective Low Torque (SL1) Motor RPM (LEFT) and Hexacopter collective Low
Torque (SL3) Motor RPM (RIGHT)

For all other single faults, the hexacopter collective control vehicle was able to continue its mission and
complete it without further incidents. The hexacopter collective control vehicle shows a particularly
reliable dynamic response to the OMI (no torque) case during all flight phases. Just like in quadcopter
cases, for the hexacopter collective control configuration, any two ED-related faults in same motor
(Appendix D, Table D4.2) do not result in severe outcomes. In this perspective, the addition of more rotors
provides the same benefits as are provided by cross-shafting in the quadcopter vehicles. Hexacopter
collective double ED-ACT faults in same motor/rotor (Appendix D, Table D4.3) show the same
counterintuitive outcomes for the low torque (0.85) fault as could be seen for the single faults (Appendix
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D, Table D4.1). Again, these can be considered as an outlier and are most likely the result of certain
assumptions made in the simulation environment.

Tables E summarizes the DET results for hexacopter RPM-Control vehicle (detailed DET results in Appendix
D, Tables D5.1-D5.2).

TABLE E. Hexacopter RPM-control Dynamic Event Tree (DET) Summary

Single
Outcome Type Faults
ED TS
Catastrophic (>10°) | 24" -
Critical (> 107) 4"
Catastrophic (<10?) - -
Critical (<107) 10" -
Major 6"
Minor 7" -

"Inconclusive results

Hexacopter RPM control configuration single faults result (Appendix D, Table D5.1) show that all triggered
conditions are shown as inconclusive. An abnormal flight response occurred for these faults which
originally flagged the condition. However, due to the complexity of these flight phases and existing
limitations of the applied control system, no accurate prediction can be made about the vehicle response
after the abnormal condition. Hence, these results are categorized as inconclusive. The majority of these
inconclusively marked flights showed an abnormal variation in the heading angle after the fault which can
be traced back to the interaction between the dynamics of the vehicle and the vehicle controller.
Improvements to the vehicle controller in an effort to mitigate these effects were deemed beyond the
scope of this research. Therefore, an inconclusive marking of these cases is deemed appropriate due to
potential improvements of the control system and not necessarily the inherent shortcoming of the
variable RPM control vehicle architecture as compared to the variable pitch control vehicle.

Comparison by Number of Rotors: Hexacopter vs Octocopter (RPM-control)

Tables F summarizes the DET results for octocopter RPM-Control vehicle (detailed DET results in Appendix
D, Tables D6.1-D6.2).

TABLE F. Octocopter RPM-control Dynamic Event Tree (DET) Summary

Outcome Type Single Faults
ED TS
Catastrophic (> 109) 25" -
Critical (> 107) 5 -
Catastrophic (<107) - -
Critical (<107) 117 -
Major 8" -
Minor 1" -

Inconclusive results
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Similarly to the hexacopter RPM vehicle, all outcomes under single faults (Appendix D, Table D6.1) are
marked inconclusive since a similar behavior was seen in the flight phases after single fault injection for
the octocopter vehicle. Again, abnormal flight conditions occur that are being registered as catastrophic,
critical, major or minor outcome, but no real conclusion can be drawn from the results given there is
potential to improve the interaction between vehicle dynamics and control system.

5.2.2 Impact of power profile and duty cycle on motor reliability

The availability of multiple vehicle architectures provides an opportunity to analyze the impact of the
configuration on the power profile and stress on the components. The analysis of the power profile of the
hexacopter pitch control, the hexacopter rpm control and the octocopter are reported in this section.

The objectives of the analysis are to quantify the impact of the architecture on the power required to trim,
the peak power required during the maneuvers, the power required induced by wind disturbances and
the implications of operating with one motor inoperative. The following analyses have been performed
on the hexacopter with pitch control, hexacopter with RPM control and octocopter with RPM control:

. Nominal mission with results reported in the Appendix M;
. Nominal mission with wind disturbances, with results reported in the Appendix M;
. Mission analysis with loss of electric motor at the beginning of the mission to assess the

performance during the whole mission with results reported in the Appendix M;

. Nominal trim condition (provided by NASA) and trim condition with one motor out
reported in section 4.1.5.1 with results in the Appendix M ;

For each aircraft, the power of the individual motors as a function of time in the different phases of the
mission are displayed, as well as a distribution of the power in which the motors operate. The nominal
conditions, the aircraft operating in wind and operating with one motor out are compared.

The cases with one motor inoperative are modeled as a no torque condition applied on the motor 1 in the
first few seconds of flight. This allows to simulate the whole mission with one engine inoperative. For
every aircraft, the motor 1 is selected as the inoperative motor, one of the rotors at the front of the
aircraft. This selection is based on the fact that the rotor 1 and 2 have the smallest nominal power rating,
and that the thrust lost by rotor 1 has to be partially reassigned to rotor 2. This leads to a large ratio of
power to operate vs. nominal power for the rotor 2.

In order to simulate the whole mission for the cases with one motor out, there is a need to have a system
that can successfully complete the whole mission. Consequently, the motors for the RPM-Control aircraft
(hexacopter with rpm control and octocopter) are upsized, according to the GT-OSU OMI guidelines
detailed in a previous section.

Some of the general observations from the scenarios shown in Appendix:

e With the larger electric machines, all 3 aircrafts are able to complete the mission segment
under nominal, wind and OMI conditions;
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e As expected, the takeoff and climb are the most demanding segments, and the cruise is the least

demanding segment for all three aircrafts;

e The peak power occurs during the acceleration phase, and the maximum value happens on the
rear rotors;

e Under wind conditions, the power distributions of all three vehicles during all three flight phases

approaches a normal distribution;

e OMI operations significantly increase the peak power demand per rotor;

o The presence of wind affects the power requirement of the aircraft in a similar fashion: The ratios

of 95% percentile of motor power requirements during wind operation vs. no wind condition are the

same for all three aircraft: increase of about 8% in takeoff and acceleration, 35% in cruise and 8-10%

during deceleration and landing;

o Similarly, there is a not a large differentiating factor in the ratio of peak to nominal power for the

three aircraft in case of wind disturbance;

Impact of Control Strategy

As outlined in the previous paragraph, there are some similarities between the power transients, and
power transient ratios for the hexacopter with rpm or pitch control. However, some output provide some
insight into the differences of operating conditions.

In Table 29, the ratios of mean power required during cruise are compare to the peak power of each rotor
for the hexacopter with pitch control and hexacopter with RPM control. For both aircraft, the general
trend is that the front rotors (1 and 2) require less power to cruise and experience a smaller peak power
than the rear rotors (5 and 6), as expected due to the rotor placement, However, given that the RPM
control aircraft sees a large gradient of thrust required between the front and rear rotors during cruise,
the ratio of peak/cruise power is not uniform through the aircraft.

Finally, an important observation is on the ratio of peak power with one motor inoperative (rotor 1) vs.
the nominal power in cruise as shown on Table 30. The maximal peak power to power to cruise in nominal
condition is 2.74 for the hexacopter with pitch control and 5.24 for the hexacopter with rpm control. This
comparison indicates a large penalty for peak power with loss of a rotor for the system with rpm control,
consistent with the trim analysis for one motor inoperative.
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Table 29 Peak Power vs Power to Cruise for the hexacopter with pitch control and hexacopter with

RPM Control
Hexa pitch Hexa rpm
Rotor | Mean Power in Peak Peak/Mean | Mean Powerin | Peak Peak/Mean
number Cruise (hp) Power (hp) | Cruise Power Cruise (hp) Power Cruise Power

54.3 110.3 2.03 38.7 96.2 2.49
2 54.3 110.3 2.03 38.7 96.2 2.49
3 61.4 120.6 1.96 51.7 106.9 2.07
4 61.4 120.6 1.96 51.7 106.9 2.07
5 69.0 133.2 1.93 59.2 106.9 1.81
6 69.0 133.2 1.93 59.2 106.9 1.81

Table 30 Peak Power vs Power to Cruise for the hexacopter with pitch control and hexacopter with

RPM Control with one motor inoperative

Hexa pitch Hexa rpm
Rotor Mean Power Peak Peak/Mean Mean Power Peak Peak/Mean Cruise
Number | in Cruise (hp)- | Power Cruise Power in Cruise (hp) - | Power Power
Nominal (hp) Nominal
1 54.3 N/A N/A 38.7 N/A N/A
2 54.3 138.8 2.56 38.7 181.8 4.70
3 61.4 168.2 2.74 51.7 211.3 4.09
4 61.4 114.8 1.87 51.7 271.1 5.24
5 69.0 130.2 1.89 59.2 232.1 3.92
6 69.0 142.5 2.07 59.2 67.1 1.13

Impact of Number of Rotors
The analysis of the hexacopter and octocopter with RPM control provides an opportunity to compare the
effect of the number of rotors on the power levels.

The ratio of peak power to power to cruise is shown in Table 31. For both architectures, the ratios are a
function of the longitudinal position of the rotors on the aircraft. Similarly, the ratio of peak power for the
OEl to power to cruise is expressed on Table 32. It is possible to observe that there is a larger peak value
for the octocopter vehicle on rotor 3, the rotor located behind the failed rotor 1.

In the trim analysis, it can also be observed that the octocopter has rotors with higher power required
increased in steady-state conditions compared to the hexacopter with rpm control. It is understood that
minimizing the change in rpm squared as the objective to the trim problem will not yield the minimum
power requirement, but it allows to keep some actuation power.
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Table 31 Peak Power vs Power to Cruise for the hexacopter and octocopter with rpm control

Hexa rpm Octo rpm
Rotor Mean Power in | Peak Power Peak/Mean Mean Power in Peak Peak/Mean Cruise
number Cruise (hp) (hp) Cruise Power Cruise (hp) Power Power
1 38.7 96.2 2.49 34.1 78.3 2.30
2 38.7 96.2 2.49 33.6 78.3 2.33
3 51.7 106.9 2.07 42.2 90.0 2.13
4 51.7 106.9 2.07 435 90.0 2.07
5 59.2 106.9 1.81 47.4 90.4 1.91
6 59.2 106.9 1.81 46.7 90.4 1.94
7 N/A N/A N/A 57.3 103.1 1.80
8 N/A N/A N/A 58.7 103.1 1.76

Table 32 Peak Power vs Power to Cruise for the hexacopter and octocopter with rpm control with one

motor inoperative

Hexa pitch Octo rpm
Rotor Mean Power in Peak Peak/Mean Cruise Mean Power in Peak Peak/Mean Cruise
Number Cruise (hp) Power Power Cruise (hp) Power Power
(hp)
1 38.7 N/A N/A 34.1 N/A N/A
2 38.7 181.8 4.70 33.6 183.3 5.46
3 51.7 211.3 4.09 42.2 269.7 6.39
4 51.7 271.1 5.24 43.5 158.2 3.64
5 59.2 232.1 3.92 47.4 241.0 5.08
6 59.2 67.1 1.13 46.7 96.6 2.07
7 N/A N/A N/A 57.3 150.1 2.62
8 N/A N/A N/A 58.7 59.0 1.01

5.2.3 Impact of battery sizing on Hybrid Quadcopter Reliability

Collective control changes on the rotors leads to fluctuations in the power required from the turbo-
generator, increasing its duty cycle and likelihood of failure. The presence of a battery in the hybrid
systems provides new operating degrees of freedom. This section explores the use of 2 hybrid-electric
operating modes and the impact on the reliability of the system: battery usage only after a turbine-
generator failure and battery usage throughout the mission to support the transient power requirement.

In the NDARC models provided, the battery was sized to provide a 10-minutes hover. During the
nominal operation, it is assumed that the turbine provides all of the power, except during short low-power

103




March 2021 Final Report, Reliability and Safety Assessment of Urban Air Mobility Concept Vehicles,
Contract No. 80ARC020F0055, GTRI Document No. D9015A001R2, April 2021

taxi segments, during which the turbine-generator is turned off and the battery becomes the only power
source. However, these taxi segment do not have a significant impact on the battery charge state.

In the dynamic simulation of the hybrid aircraft, in the case of a turbine-generator failure, the
controller redirects the aircraft to the ground through the emergency diversion maneuver. It is observed
that the nominal battery sized by NDARC is not able to provide enough power to allow the aircraft to land.
Consequently, the battery size is doubled, and this assumption is consistent through the different
operating modes. [10]

The sum of the power required by the 4 electric motors is shown on Figure 62. It can be observed that
there are large peaks of power required at the beginning and the end of the climb. The maximum peak
has the value of 604hp, and the power required in cruise is 300hp, illustrating that the magnitude of the
peaks are considerable. A second observation is that there is a very low power dip at the end of the cruise
segment, with a predicted negative power required.
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Figure 62 Sum of power required by the 4 electric rotors as a function of time for the hybrid aircraft

Nominal Operation: No use of the battery

The nominal operating mode, discussed previously in the report, uses only the turbogenerator to
provide electric power to the electric motors. The results from the nominal mission without wind are
shown in the following figures. It is important to note that the turbine has a minimal power required of
175hp in order to stay within the bounds of the turboshaft model.
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Figure 63: Power output of the turbogenerator as a function of time
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Figure 64: RPM of the high pressure and low pressure spools of the turbogenerator (left) and
expanded view of the high pressure spool transient behavior during climb (right)

The turbogenerator is capable of matching the power required at any point in the operation. Conceptually,
the generator increases the torque required on the turbine instantaneously which reduces the RPM of

the low pressure spool. The turbine reacts to the loss of RPM of the low pressure spool by increasing the
fuel flow.

This operating mode introduces important sharp variations of power and spool speed of the turbine due
to the power required change with mission segment.

Battery Use to Supplement Turbogenerator

A second operating mode is to use the battery to supplement the turbogenerator power. This could allow
to potentially smooth out the transient power demands.
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The power request from the turbine, rather than being driven by the immediate power request from the
electric motors, comes from a power schedule, which has been coded as a function of time. In the future,
it could be envisioned that the schedule would be as a function of the mission segment.

The power schedule is defined offline based on the power profile. Manually, the power schedule is created
to attempt the least amount of variations or smooth variation, and a 5% power margin during the steady-
state operating conditions to reduce the chances of having to throttle down the turbine. As mentioned in
the previous sections, at the end of the cruise there is a negative power required segment. The power
schedule assumes that the power required stays positive during this portion.
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Figure 65 Power schedule from the turbogenerator as a function of time
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Figure 66: RPM of the high pressure and low pressure spools of the turbogenerator (left) and
expanded view of the high pressure spool transient behavior during climb (right)
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Figure 68: Battery usage throughout mission showing peak voltage, depth of discharge, and C-rate

Observations

The operating mode of the hybrid powertrain can have an impact on the transient response of the
turbogenerator. In nominal operation, if the battery contributes to 5% of the nominal power and the
transient can be predicted, the power demands on the generator can be smoothed out considerably. This
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operating mode lead to the use of the battery of about only 8% of its depth of discharge. It is important
to note that the wind was not considered for this analysis. Also, the nominal battery capacity was twice
the capacity of the NDARC prescribed capacity, dictated by the power required to perform the emergency
landing rather than capacity. In this operating mode, there is an increase in the c-rate due to the fact that
the battery provides peak power: the c-rate is relatively large (1.5-1.75) compared to the nominal
operation of the all-electric aircraft, which sees a max C-rate of about 1. This does not brings any concern
given that the upper limit assed on c-rate is 5.

Finally, the change in transient level can affect the reliability and durability of the turbogenerator. While
the model does not include a quantitative approximation of the reliability, some cause and effects can be
outlined. The model provides an insight in the dynamic response at the spool level. For the case where no
battery is used, there is an overshoot in high pressure spool rpm of about 2,300 RPM, or about 6% at the
beginning of the acceleration phase for a very small amount time. This can introduce variations of
temperature and this short duty cycle can possibly reduce the life of the turbine.

It is important to note that with the hypotheses used for the model, the battery discharge rate during
operation without the turbogenerator constraints the size of the battery. For this condition, the battery
can be used during the nominal operation without affecting the ability to fill the 10-minute hover
requirement.

Alternative Operating Modes

Another important assumption of the analysis was that the battery is not charged in flight. If the battery
was to be charged in flight, this could lead to an additional smoothing out of the turbine power required,
and a very small impact on the battery capacity. As an example, if the turbine was operated at the average
power required over the last 30 seconds, the peaks and valley of motor power required could be filled
with the battery with relatively low impact on its capacity.

An extreme case of this hybrid operation would be to use the generator at a single power setting, the
average of the power required for the whole mission. This operating mode would introduce the least
amount of transient on the turbine, but would require the largest battery.

A simpler operating mode of the turbine could be to define a maximal power required for the
turbogenerator, as shown on Figure 69. The battery would be used only for 2 very small portions of the
mission during which the power required exceeds the maximal turbine power limit, , without affecting
the capacity of the battery significantly.
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Figure 69 Alternative operating mode of the hybrid system: include a maximum value for the
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5.2.4 Impacts of voltage and current levels on reliability (C2, A6, B5)

Voltage and current levels are important design parameters for electric drive. They affect efficiency,
dynamic response, size, electromagnetic compatibility and emissions, and life of components and
systems. In recent years, industry and academia have been investigating and demonstrating powertrain
components for traction application with voltage higher than 700V with the aim of developing high power
density drive. However, limitations have been encountered due to availability and reliability of capacitors
and semiconductor devices at high voltage. In general, an electric component is designed to withstand a
certain max voltage and current level, then an isolation voltage is defined as well.

Operating a component at a low voltage, compared to nominal, usually correspond to higher current for
the same power, this is usually not a problem if the current does not overcome the current rating. On the
contrary, operating a component at high voltage, compared to nominal, can correspond to a higher
magnetic flux can cause partial saturation, demagnetization of the permanent magnets for electric
machines, reduce life of the winding insulation, reduce life of the semiconductor devices, and quickly
introduce severe failures such as short circuit.

On the other side, there are in general no mayor issues in operating a component at a low current
compared to nominal, this can correspond to a reduced power request from the load. While high current
compared to nominal usually correspond to higher thermal stress of the components.

In this section, the impact of different design strategies has been analyzed. A nominal 600V electric drive
is here compared with a 300V and 900V system.

The electric drive failure rate models proposed have been adapted to take into account the design
specification of voltage/current levels and the related stress factors [56]:

Am = Astae " Ty * T + Arotor " Ty * Tp + Ayecn * Ty * T + Acoor
Agsc = Amverter * Ty " 1 + Apc cap "Tlu " T + Acontrot " Tu + Acoot

(47)
Agss = Aceu + Agms * Ty + Acoot

Agps = Afuse Ty " T + Acontactor * Tu * T + Aconnection
In detail from the FTA analysis of these components it has been noted that:

e Cooling systems are not directly affected by the voltage current level, since the function of the
cooling is to dissipate a certain amount of heat independently from the source;

e Control unit of the ESC and BMS are mainly affected by the voltage level due to EMI/C;

e Connections of the EDS are minimally affected by voltage and current levels, if a proper design
strategy is adopted.

The m-factors are represented with the following empirical models to describe the voltage and current
dependence of failure rates.
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Where X,,= average operating (e.g. 900V or 300V); X,.r= system reference (e.g. 600V); X, 4= system
rating (e.g. 1kV); C,, C3, C4, C5 = calibration constant.

(48)

Considering the powertrain of the quadcopter electric defined in section 1.3.1:

» reference vehicle is designed for 600V,

* two electric systems rated for 300V (corresponds to high current) and 900V (corresponds to high
voltage) have been designed;

* Component insulation rating 1-kV.

*  MCP =136hp=88.5kW (continuous power)

* IRP =233hp=137kW (intermediate power)

* PF=0.9 (power factor)

*  Stress factor calibration: (C;, C3, C4, Cs)=(0.5, 1.2, 0.5, 1.2) [58]

Note: in the following tables percentage increase/decrease of failure rate is calculated compared to the
nominal condition.

Table 33 shows the impact of current and voltage level on the components of the Quadcopter Electric. In
detail, electric machine, electronic speed controller and electronic power distribution are highly affected
by both the stress factors. Voltage stress seems to have a larger impact, considering the current model
calibration. Energy storage system is lightly impacted by high voltage/current design and in particular the
300V design corresponds to a decrease of the failure rate.

It can be demonstrated that Table 33 is valid for the electric drive of all the different configurations, due
to the constant ratio between current and voltage levels when designing systems having the same nominal
power. Then, this failure rates will be applied to all the different architectures.

At the electric drive level (subsystem), higher failure rate is shown for high voltage system design
compared to the high current solution, as shown in Table 34.
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Table 33: Calculation of the stress factors (1, and ;) and component failure rate for the Quadcopter

Electric
High Current system High Voltage system
Reference system (600V) (300V) (900V)
MCP IRP MCP IRP, MCP IRP
Power [kW] 88.5 137 88.5 137 88.5 137
Rated voltage [V] 1000 1000 1000 1000 1000 1000
Operating [V] 600 600 300 300 600 600
Current [A] 83.00 128.49 166.00 256.97 83.00 128.49
Stress factors ny=1 ny = 0.889 y = 1.439
calculations m =1 ;= 1.486 ;= 0.980
Electric machine
Astat 1.45E-06 1.92E-06 2.05E-06
ARrotor Ty =1 1.24E-06 Ty = 0.889 1.64E-06 my = 1.439 1.75E-06
Aptech =1 2.13E-07| m; = 1.486 2.81E-07| m; = 0.980 3.00E-07
Acool 2.15E-06 2.15E-06 2.15E-06
Common cause -1.37E-06 -1.37E-06 -1.37E-06
Ay total 3.69E-06 total 4.62E-06 total 4.88E-06
(+25%) (+32%)
Electronic speed controller
Anerter 4.02E-06 5.31E-06 5.67E-06
Apc cap Ty = 2.71E-06| m,; = 0.889 3.58E-06| 7, = 1.439 3.82E-06
Atontrol T =1 1.72E-06| m;, = 1.486 2.276-06| m; = 0.980 2.42E-06
ool 2.15E-06 2.15E-06 2.15E-06
Common cause -1.78E-06 -1.78E-06 -1.78E-06
Agsc total 8.81E-06 total 1.15E-05 total 1.23E-05
(+31%) (+39%)
Energy storage system
sl 5.61E-06 5.61E-06 5.61E-06
Ty my; = 0.889 my; = 1.439
Agms 1.28E-06 1.13E-06 1.83E-06
=1 m; = 1.486 m; = 0.980
ool 2.15E-06 2.15E-06 2.15E-06
Common cause -1.19E-06 -1.19E-06 -1.19E-06
Aggs total 7.85E-06 total 7.71E-05 Total 8.41E-05
(-2%) (+7%)
Electronic power distribution
A 1.49E-07 1.97E-07 2.10E-07
Ty = my; = 0.889 my; = 1.439
Apontactor 7 = 1 1.49E-07 7, = 1486 1.97E-07 7, = 0980 2.10E-07
Aponnection 1.39E-07 1.39E-07 1.39E-07
Aeps total 4.37E-07 total 5.33E-07 Total 5.59E-07
(+22%) (+28%)
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Table 34: Electric drive failure rate per failure mode considering the impact of voltage and current
level

FTA reliability FTA reliability FTA reliability

Failure mode of Reference High Current High Voltage
the Electric Drive (1/hr) (1/hr) (1/hr)
(600V) (300V) (900V)
No torque 9.398E-6 9'4(7_'_91;6) 9'5(21;(;
Low torque 5.340E-6 5'5?5;(; 5'6?_:56;(;
High torque 3.059E-7 3'(7+3222;)7) 3'(9+1258;7)
Torque ripple 2.158E-6 2'1(7_,_01;? 2'1(731;3
Short circuit 1 2.056E-6 2'?+0157E°2 2'?+9261E°3
Short circuit 2 2.056E-6 2'f+015752 2.:1+9261EZ)3
Short circuit 3 2.063E-6 2'?*_1127;? 2'(5+024153
Total 2.34E-05 2'4&;5; 2'5(2;%

Table 35, Table 36, and Table 37 shows the comparison of failure rate for the different architectures and
control strategies when he different voltage/current ratings are considered.

The high voltage system is less reliable of the high current system for all the architectures. This depends
on the impact of the high voltage on the components, then electric drive, then effect on the vehicle (Table
34). At the electric driveline level, High Voltage system has a FTA reliability 2% higher than High Current
system, even if at the component level up to 12% difference was shown.

* Effect of powertrain architecture (electric vs hybrid)

The High Voltage system and High Current system have a greater impact on the Quadcopter hybrid when
compared to the Quadcopter electric due to the lack of crosshafting.

+ Effect of control technique (collective pitch vs RPM)

No specific impact has been found between the reported with reference to the vehicle control strategy.
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* Effect of number of rotors (Hexacopter vs Octocopter)

The effect of High Voltage and High Current system design becomes less important when the number of
rotors increases.

Table 35: Impact of voltage and current rating on powertrain architecture (electric vs hybrid)

FTA Reliability FTA Reliability FTA Reliability

Architecture Reference LA G Al
(1/hr) (1/hr) (1/hr)
(300V) (900v)
Single Rotor Loss 1.645E-7 1.645E-7 1.645E-7
Dual Electric Motor 2.682E-5 2.683E-5 2.683E-5
Failure
OEl Propulsion Loss 2.180E-5 2.307E-5 2.358E-5
Quadcopter Electric
collective Energy Storage 7.848E-6 7.908E-6 8.096E-6
Failure
Energy Distribution 4.37E-7 5.331E-7 5.593E-7
Failure
Total Fal.lure rate of 4.897E-5 5.034E-5 5.088E-5
the architecture (+3%) (+4%)
Single Rotor Loss 1.644E-7 1.644E-7 1.644E-7
Dual Electric Motor 1.012E-6 1.012E-6 1.012E-6
Failure
OEl Propulsion Loss 1.417E-5 1.548E-5 1.583E-5
Quadcopter Hybrid | Energy Storage 3.538E-11 3.565E-11 3.650E-11
Failure
Energy Distribution 4.370E-7 5.331E-7 5.594E-7
Failure
Total Failure rate of 1.553E-5 1.694E-5 1.731E-5
the architecture ) (+9%) (+11%)

Table 36: Impact of voltage and current rating on vehicle control strategy (collective pitch vs RPM)

Architecture FTA reliability FTA reliability FTA reliability
Reference High Current High voltage

114



March 2021 Final Report, Reliability and Safety Assessment of Urban Air Mobility Concept Vehicles,
Contract No. 80ARC020F0055, GTRI Document No. D9015A001R2, April 2021

Hexacopter Electric
Collective

Hexacopter Electric
RPM

(1/hr) (1/hr) (1/hr)
(300V) (900V)

Single Rotor Loss 2.260E-5 2.376E-5 2.438E-5
Dual Electric Motor 6.554E-5 6.554E-5 6.555E-5
Failure

OEl Propulsion Loss 3.263E-5 3.437E-5 3.530E-5
Energy Storage 7.848E-6 7.908E-6 8.096E-6
Failure

energy Distribution 4.370E-7 5.331E-7 5.594E-7
Failure

Total Fal.lure rate of 9.835E-5 1.002E-4 1.012E-5
the architecture (+2%) (+3%)
Single Rotor Loss 2.259E-5 2.387E-5 2.438E-5
Dual Rotor Failure 6.554E-5 6.554E-5 6.554E-5
OEl Propulsion Loss 3.262E-5 3.454E-5 3.5230E-5
Energy Storage 7.848E-6 7.908E-6 8.096E-6
Failure

Energy Distribution 4.370E-7 5.331E-7 5.504E-7
Failure

Total Fal.lure rate of 9.835E-5 1.004E-4 1.011E-4
the architecture (+2%) (+3%)

Table 37: Impact of voltage and current rating on number of rotor (Hexavopter vs Octocopter)

Architecture

Hexacopter RPM

FTA reliability FTA reliability FTA reliability
Reference High Current High voltage
(1/hr) (1/hr) (1/hr)
(300V) (900V)
Single Rotor Loss 2.259E-5 2.387E-5 2.438E-5
Dual Rotor Failure 6.554E-5 6.554E-5 6.554E-5
OEl Propulsion Loss 3.262E-5 3.454E-5 3.5230E-5
Energy Storage
. 7.848E-6 7.908E-6 8.096E-6
Failure
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Energy Distribution 4.37E-7 5.331E-7 5.594E-7
Failure
Total Fal.lure rate of 9.835E-5 1.004E-4 1.011E-4
the architecture (+2%) (+3%)
Single Rotor Loss 2.259E-5 N/A N/A
Triple Rotor Fail 2.419E-4 2.419E-4 2.419E-4
OEI Propulsion Loss 3.037E-5 3.037E-5 3.037E-5
(Dual Rotor Loss)

Octocopter RPM Energy Storage 7.848E-6 7.908E-6 8.096E-6
Failure ) ' )
Energy Distribution 4.37E-7 5.331E-7 5.594E-7
Failure
Total Fal-lure rate of 2. 724E-4 2.725E-4 2.726E-4
the architecture (+0%) (+0%)

5.2.5 Impacts of liquid cooled vs. air cooled motors and motor controllers (C5, A7,
B6)

Operating life and performance of electronic and electromechanical components are highly affected
by operating temperature and temperature variation that occur due to mission profile or malfunction of
the cooling system. Many cooling systems options are considered for the components of the electric drive
[22, 77, 78]. The selection and design of the optimal thermal management for electric machines and
power electronics is a big task and requires consideration of weight/volume, capability of responding to
high transients, cooling power requirement, cost, and reliability. It is known that liquid cooling is very
effective in removing heat when compared to air cooling with the same fluid rate. However, air cooling is
simpler to implement, lighter and easy to maintain. In [72] a comparative analysis between liquid and air
cooling for lithium-ion batteries has been reported. However, there are no many literature contributes
comparing liquid and air cooling for electric drive and related safety assessment. Table 38 provides a
comparison between air and liquid cooling.

The specifications of the cooling system design are reported in section 4.2.1, then additional assumptions
are defined for this analysis:

e Natural air convection heat transfer won’t be enough to cool the system
e Failures of the gear box won’t affect the failure of the electric machine
e Filters and other components will be replaced as stated by the manufacturers
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Table 38: Comparison of air and liquid cooling.

Air Cooling Liquid cooling

very effective in removing

2 Isimpler, lighter, and easier to ) .
e 'p . g substantial amounts of heat with
o maintain. .
relatively low flow rates

lower heat capacity;

for achieving similar coolin . .
2 g L g potential leaks, weight,
S performance of liquid cooling, a . .
o and its complexity

much higher volumetric air flow
rate is required

[%)
[
. . Pum

» & |Electric fans (double electric fan ‘p .
> 9 . . . Radiator with fan
2 |considered in this work) .

g Pipes

o

Table 39 reports the failure rate and the related failure modes considered in this analysis for the
comparison between air and liquid cooling. In detail the failure rate of air cooling is 40% lower than the
liquid cooling due to the number of components involved in the system. Detailed FTA and failure rate are
reported in section 2.4. Then the impact at the sub-system level has been evaluated by assessing the
failure rate of the electric drive considering both cooling methods (Table 40). In detail the cooling method
will impact most of the electric drive failure modes (except sensor failures and electric distribution failure).
At the electric drive level, air cooling is 15% more reliable.

Table 39 Failure rate and failure modes for air and liquid cooling

Failure rate of the
thermal management
system

SEVERE failure PARTIAL failure

Mig=430E—6  [50% 50%

Agir =2.58E—6
(-40%)

SEVERE failures of the motor/ESC
cooling system (e.g. loss of a
component) will lead to complete
loss of the powertrain (No Torque)

PARTIAL operation of the thermal
management of motor/ESC will
cause overheating

Table 40 Impact of cooling method on electric drive failure rate

. FTA reliability FTA reliability
Failure mode of .. . . .
the Electric Drive Liquid cooling Air cooling
(1/hr) (1/hr)
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No torque 9.398E-6 7'?27&6)
Low torque 5.340E-6 4?9;‘;5
High torque 3.059E-7 3'05956%
Torque ripple 2.158E-6 2'158?0;3
Short circuit 1 2.056E-6 171(2147;,6)
Short circuit 2 2.056E-6 171(2147;,6)
Short circuit 3 2.063E-6 171(_2147;,6)
Total 2.34E-05 1'9??;;5)

The developed dynamic model of the Quadcopter electric (section 4.2.1) has been used in conjunction
with the mission profile define in section 1.4 for assessing the dynamic response of the two cooling
systems (air and liquid) included in the simulation framework (Table 17). In particular, the first 200s of
climb are here analyzed to compare the steady state and transient temperature of electric machine and
electronic speed control (Figure 70).

e Air cooling has a lower average temperature due to the direct exchange with the ambient;

e Liquid cooling for the electric machine is combined with the transmission cooling, so works at higher
temperature;

e The temperature dynamic of the air cooling is heavier affected by the power request when compared
to liquid cooling.

While the liquid cooling is showing higher temperature of operation, it is also able to guarantee a steadier
temperature during heavy transient. The effect on the motor and power electronics reliability needs to
be assessed in real world case scenarios through experiments.
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Figure 70 Temperature profile of EM and ESC considering air and liquid cooling

5.2.6 Impact on reliability associated with repeated overcharging and excessive
discharging, repeated high-rate discharging on battery (C7, A8, B7)

Lithium-ion batteries are becoming an accepted component in aircraft systems; in fact, they represent
one of the key enablers for low-impact propulsion systems (hybrid or electric). Lithium-ion batteries
demonstrate several benefits in terms of specific energy/power density and efficiency when compared to
traditional lead acid and nickel-cadmium battery technology. There are still several challenges to be
addressed before lithium-ion batteries will be widely adopted in aircraft systems, such as cell reliability
and safety [79].

A complete literature review of the failure modes of lithium-ion battery packs has been conducted
and the results are reported in Table 41 [40, 80, 81]. This analysis has focused on the impact of overcharge,
over-discharge and high c-rate and how the repeated occurrence of these events may cause a failure of
the energy storage system. All of these events can potentially lead to thermal runaway. Note that Table
41 reports typical sequences of occurrence, but the order can strongly depend on the cell operating
conditions and the cell-to-cell variations due to manufacturing defects. Failure rates cannot be defined a
priori without considering the specific chemistry, cell format, pack design and without experimental
testing. The assumptions made for these analyses are summarized below:

* The battery pack is divided in multiple isolated modules those include BMS, each module is connected
to a powertrain/rotor subsystem

* The TMS is shared between the battery packs

* In case of failure of a battery module, the rotor connected to the module will fail as well.
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* Effect of powertrain architecture (electric vs hybrid)

No specificimpact has been found between the reported battery failure modes and the vehicle powertrain
architecture.

* Effect of numbers of rotors (Hexacopter vs Octocopter)

The increase of number of rotors increases the failure rate of the pack. However, at the system level the
increase in number of rotors can bring benefits in terms of capability of surviving to the fault.

AEss - modute = 7-85€ = 6; Apss _pexa = 6 X 7.85€ — 6; Apss —octo = 8 X 7.85e — 6
* Effect of control technique (collective pitch vs RPM)

No specific impact has been found between the reported battery failure modes and the vehicle control
strategy.

Table 41: Failure modes and Effects due to overcharge, over-discharge and operation at high c-rate of
lithium-ion batteries

Fault Type Failure Modes & Effects at ED level

1. Overheating: (Low Torque failure mode)
The cathode is susceptible to thermally driven decomposition.

= The electrolyte becomes unstable, which leads to reactions between the
electrolyte and cathode that can raise the cell temperature and release oxygen gas.

2. Capacity/Power Fade:

Overcharge = Gas from graphite exfoliation induces crack of SEl and loss of active area.

= The aluminium can corrode - this can lead to a reduction of power or increased
resistance.

. Internal Short Circuit (No Torque failure mode)

Lithium plating and dendrite growth on anode surface

. Capacity/Power Fade:

Excessive delithiation of anode causes SEI decomposition and loss of active area.

= Copper plating.

2. Overheating: (Low Torque failure mode)

= Changes of thermal stability = repeated overdischarge can lead to undesired cell
temperature increase.

3. Internal Short Circuit (No Torque failure mode)

= The copper can dissolve = this can lead to free copper particles suspended in the
electrolyte and potentially internal short circuit.

4. Thermal Runaway

3
| |
4. Thermal Runaway
1

Overdischarge
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High C-rates

1.

Overheating:

Higher power consumption across the same internal resistor = accelerates the
internal temperature increase.

Sometimes only locally in the correspondence of high impedance locations (tab
connections, electrodes, etc.).

Powertrain level: Reduced Torque Output due to battery power limitations -
increase probability of Low Torque failure mode

. Capacity/Power Fade:

lons are not fully de-intercalated which results in capacity loss and lithium
dendrite.

Accelerated aging

Powertrain level: Reduced Torque Output and Available Energy due to battery
power limits and capacity fade-> increase probability of Low Torque failure mode
or Emergency Landing due to limited SOC

. Internal Short Circuit:

Lithium metal can deposit on the surface of the anode = over time, these deposits
can develop into dendritic structures that may puncture the separator and initiate
internal short circuits.

Electrode particle fracture

Powertrain level: battery pack fuse will blow or open contactors = increase
probability of No Torque failure mode

Thermal Runaway - Catastrophic event

5.2.7 Impact of sensor placement and redundancy (B4, A4)

Sensors are used to measure variable that cannot be accurately estimated or observed [82]. Every sensor
installation can potentially increase the diagnostic capability of the system, however it generates a new
point of failure. So, it is important to study the reliability of the sensor and evaluate redundancy.

The electric drive of the considered vehicles has several safety-critical feedbacks that support the motor
control and the flight control. Electric drive based on PMSM are usually equipped with the following set

of sensors:

* shaft speed sensor

— single speed measurement is included in an electric drive for control purposes and flight
control (RPM control);

— Resolver or incremental encoder are usually adopted;

— Intraditional aircraft a governor is used to measure the rotor speed, electrified architectures
are still exacted to have a rotor speed sensor to monitor rotor speed;

— Redundancy of speed measurement is demonstrated to increase system reliability [83];

— Double shaft speed measurements in an electric drive is usually very difficult to implement
due to space and cost;

— Rotor speed sensor can increase reliability of the electric drive itself;

— Sensorless controls for PMSM have done great improvement in the last decade, however they
are still not fully accepted by industry (especially due to the error at low speed) [84].
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Sensorless control can be utilized in case of failure of the speed sensor to bring the vehicles
to a safe operating condition.

* Voltage sensor

— Voltage sensors are utilized to measure the three-phase voltage input of the machine;

— These measurements are always in conjunction with current sensors to perform diagnostic
functions;

— Consider that electric drives are supplied by switching voltages, so the voltage acquisition is
usually affected by filtering and averaging error;

— The presence of voltage sensors can for sure help to increase diagnosis capability of the PMSM
drive, however due to the sensor accuracy and performance, the redundancy of these sensors
may not be effective for increasing reliability.

* Current sensor

— Two phase current sensors are required in an electric drive for control purposes;
— Redundancy can be included in the system by:
= third sensor may be installed to increase reliability (sum of the three phase currents
is equal to zero);
o DC link current measurement can be used to estimated faults in electric drive;
= Include more phase current measurements.

* Temperature sensor

— Electric machine winding temperature sensors (one per phase) and switches temperature
sensors (one for IGBT) are usually included in an electric drive;

— Redundancy on switches temperature measurement (junction temperature) can be useful for
increasing reliability, but it is very impractical due to cost, volume, manufacturing issues, and
fats dynamic of the temperature response of these components;

— Redundancy of winding temperature sensors are often included in electric machine for
increasing reliability in estimating possible degradations;

— Not very useful for failure caused by fast dynamic, due to thermal inertia and speed of the
acquisition system.

In summary the traditional and proposed sensor set for an electric drive for UAM application is reported
in Table 42. The failure rate reported in Table 42 are provided by NPRD-2016. Systematic methodologies
can be used for the analytical definition of the intrinsic redundancy of a system and the related needs of
sensors for improving diagnosability, isolability, observability and reliability [85].

* Effect of number of rotors (Hexacopter vs Octocopter)

In these architectures the rotors are independent from each other. Every rotor is potentially equipped
with different speed and current sensors. The increase of number of rotors increases the number of
sensors in the system (increases failure rate) and the possibility of utilizing the sensors in the other rotors
to detect failures or issues in one of the rotors (increase diagnosability).

122



March 2021 Final Report, Reliability and Safety Assessment of Urban Air Mobility Concept Vehicles,
Contract No. 80ARC020F0055, GTRI Document No. D9015A001R2, April 2021

Table 42: Traditional and proposed sensor set for electric aircraft.

Traditional  Failure rate (1/hr) Redundancy

Sensor type . : Note
P powertrain NPRD-2016 requirement
Gearbox speed sensor is used to measure rotor
Shaft speed 1 7.34E-06 (resolver) none speed (failure rate 4.2280E-07)
P 2.32E-07 (resolver) Sensorless control can implemented to increase
reliability
These sensors are used to increase diagnostic
capabilities
Not always
Voltage resent 1.74E-07 (AC) none Redundancy of these sensors may not be
P effective for increasing reliability, due to the
switching voltage
1.92E-06 Used for control purposes, one additional sensor
Current 2 2.14E-06 +1 ormore |can increase reliability
6.97E-07
Winding 1.49E-06
3 1.96E-06 - : : :
temperature 'h | Mainly to estimate degradation
(ztlerr_n;;OUp e) Not very useful for failure caused by fast
IGBT 3 (thermocouple) ] dyna.m.n?, due to thermal inertia and speed of the
temperature 3.48E-07 acquisition system.
4.21E-07
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6 CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

This section reports a summary of the results of this study including both the static and dynamic
analyses performed.

6.1 Comparison of architectures

Of all the propulsion architectures considered for the static safety analysis, the quadcopter with twin
turboshafts is the most reliable. The high reliability of the turboshaft architecture is due to its dependence
on fewer critical systems and the redundancy in the twin-turboshaft system. In comparison, the Quad
Electric configuration only has redundancy in the form of cross-shafting. The failure of either the electric
motor, electronic speed controller, HV battery or clutch on a rotor results in a loss of power. Furthermore,
both the LV battery and HV battery packs, which supply power to every propulsor and control of the
vehicle, are susceptible to single point failures. The Quad Hybrid configuration has two sources of power
for the electric propulsors (engine and batteries) which alleviates the problem of the single point failure
of the Quad Electric configuration. Replacing the cross-shafting system with an additional electric
propulsor on each rotor trades a decrease in the probability of catastrophic power loss at the expense of
an increase in the probability of catastrophic rotor loss and does not improve the overall reliability of the
architecture.

The analysis of electric hexacopter and octocopter demonstrated that for these architectures the loss
of electric propulsion on any rotor cannot be compensated by the remaining electric propulsors, due to
the removal of the cross-shafting. Combining this with the same issues of common cause failures present
in the Quad Electric configuration means that the additional rotors do not make up for the loss of
redundancy provided by the cross-shafting system. If these problems were resolved by redesigning the
electric propulsors to be independent, additional rotors would then provide more reliability (e.g.
octocopter would be more reliable then hexacopter). Finally, an octocopter would have similar reliability
as a hexacopter with dual electric drives on each rotor.

The choice of RPM vs. collective control has little impact on the reliability of the architectures
analyzed. This is due to the redundant collective actuator configuration being much more reliable than
other components necessary for rotor function such as the single RGB. The choice of a direct drive
turbogenerator vs. a geared turbogenerator for the Quad Hybrid configuration also has little impact on
reliability at the vehicle level as the redundancy provided by the battery reduces the impact of adding an
additional critical component to the turbogenerator.

From a dynamic perspective, the electric quadcopter is capable of operating and reacting to the loss
of an electric motor with little to no impact on the aircraft flight due to the presence of cross shafting and
a dynamic reconfiguration of the master-follower control of the multiple electric drives.

The modeled reduction of actuator rate and travel range do not have an impact on the behavior of
the aircraft. Some faults in two different motors or in a motor and in the transmission can have a
catastrophic impact on the vehicle, but the probability of such events to occur is below the threshold of
interest.
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The hybrid electric configuration presents similar behavior as the electric quadcopter, with the
exception of faults occurring on the turbogenerator. For the cases with faulty turbogenerator, the battery
is used to power the aircraft down to a safe landing. Finally, given that the turbine has a relatively high
power rating, it is capable of operating even with an important transmission loss or low conversion
efficiency. Alternate modes of operation of the hybrid powertrain were investigated which lead to
reduction in the turbine transients with limited impact on the battery capacity.

The quadcopter with a dual turboshaft powertrain is able to sustain the flight after any considered
single faults. Moreover, since the aircraft is equipped with two turboshafts, the powertrain has plenty of
excess power, and can overcome severe loss of efficiency in the transmission.

The hexacopter with pitch control is also capable of operating with one rotor inoperative. However,
the absence of cross shafting highlights the impact of individual electric machine faults, malfunctions and
power limitation. This is the case for a low torque condition for example, , and can lead to large RPM
excursion throughout the mission.

The RPM-control aircrafts (hexacopter and octocopter) present complex behavior after fault injection,
which lead to some inconclusive scenarios. For the RPM-control vehicles, the nominal controller is not
successful at stabilizing the aircraft after the loss of a rotor. Consequently, an alternate control structure
is implemented once an electric motor fails. This control structure is able to stabilize the aircraft, but is
not able to perform the acceleration or deceleration profiles imposed by the nominal mission. Given the
relatively low complexity of the controller, it is unknown if the aircraft’s inability to fly the whole mission
with one motor inoperative is due to the controller limitations or to the aircraft configuration and sizing.

More powerful electric motors were implemented on the RPM-Control aircraft such that the aircraft can
fly the whole mission with one motor inoperative. Both RPM-Control aircraft have a larger power increase
when operating with one motor inoperative compared to the hexacopter with pitch control. However,
the difference between the RPM-Control hexacopter and octocopter is less significant.An assessment of
the sensor required for the effective diagnoses of fault in the different architectures is provided. In
general, the phase current sensors are of fundamental important, redundancy on these sensor is going to
increase the diagnostic capability of the system and potentially improve reliability. Having separate
sensors for rotor RPM monitoring can provide the additional redundancy to the motor speed controller.

Powertrain design specifications, as voltage rating and cooling design, will impact the overall vehicle
reliability. High voltage systems have potential of increase efficiency; however, the failure rate of the
electric dive may increase and can highly impacting solutions without cross-shafting. Air cooling thermal
management is more reliable of liquid cooling (due to a smaller number of components), however it
corresponds to higher temperature variation during transient.

6.2 Possible extensions for future work

There are multiple avenues for future work with potential to increase the understanding of the
vehicles’ behavior and performance potentialities. Among them, there is a possibility to include higher
order fidelity analyses for rotor performance, especially for cases far from the linearized conditions, such
as one engine out considerations. There is also the possibility to include controllers with a more advanced
architecture for operation with one engine out. Moreover, the simulation assumed that it is possible to
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identify a fault and reconfigure the flight controller and the centralized electric motor controller. It could
be of interest to assess the feasibility of identifying those faults and the time response of those processes.
Finally, the controller aimed at following the prescribed path regardless of the condition of the aircraft. It
could be interesting to analyze the possibility of reducing the performance such as speed, rate of climb in
case of a fault recognition.

More generally, the evaluated hexacopter and octocopter configurations consist of the motors
configured in a rectangular orientation. It could be of interesting to analyze additional orientations of the
hexacopter and octocopter electric motors to evaluate if this strongly influences the safety analysis. We
also recommend that the electric motors be sized for one motor inoperative scenario for all vehicles in
order to provide a more consistent benchmark for each configuration.

The DET analysis was performed for six different vehicle concepts within the scope of the dynamic
probabilistic risk assessment (DPRA) study, but the analysis could benefit from a more extensive DPRA
with entirely randomized fault injection points. In that respect, this study does not include the effect of
changing weather conditions and environmental conditions such as wind. In future studies, all
environmental factors that have an impact on the vehicle can be evaluated using the DET methodology.

Within the scope of the DET analysis, the FIPs on the vehicle trajectory were determined based on the
main segments of the mission. Due to time limitations, the DET analysis could not be repeated for refined
FIPs to observe convergence in the figure of merit (i.e. probability of successful completion/failure of
mission). In a future comprehensive DET analysis, such a target of convergence can be achieved by further
refinement of FIPs.

A cutoff probability for DETs needs to be defined to prevent the DETs from expanding in an
uncontrollable manner. The cutoff probability for this study was defined as 10, In future studies, the
cutoff probability could be reduced to detect weak points of the system that can lead to failure even if
the probability of occurrence is small.

In this study, it was assumed that the failure probabilities used in the DET analysis do not change over
time and that all subsystem components were new. In addition, it was also assumed that the control
mechanisms of the vehicles function without failures and that no software errors occur the design phase
and during the missions. A more comprehensive study can be done by re-evaluating these assumptions,
as well as accounting for model uncertainties that have not been included in this study due to time
limitations.

In summary, the team is here proposing the following aspects to be considered in future studies:

* LV control system architecture: analyze strategies for improving LV reliability considering traditional
aviation approaches, as well as ring network configurations.

* HV bus architecture: as mentioned in this report every rotor is served by a battery pack, the failure of
the battery pack will cause a failure of the rotor drive. Fail safe interconnection/isolation and
reconfiguration of the battery packs can increase reliability by sharing the available resources with
the faulty unit with the aim of maximizing vehicle controllability and stability. Ring network
configuration can be considered for these systems.
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Sensor placement for diagnostic and prognostic —in the current work multiple sensors are considered,
but their location in the system in not considered. Methodologies like Structural Analysis can help to
analytically define the sensor placement considering the required reliability specifications.

Optimal sizing of electrical motor and thermal management for the different multi-rotors
configurations and control considering OMI conditions.

Understand the impact of advance vehicle control for the management of multi-rotor vehicles in case
of failure of 1 or 1+ rotors.

Study the impact of components level redundancy versus in-component redundancy (e.g. double
winding machines versus redundant electric machine), their impact on the safety assessment and
vehicle weight.
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Appendix A - Table 1: Quadcopter Electric FHA

. Failure Phase of L
Function . . . Classification
Condition Operation Effect of Failure
Aircrew detects failure and compensates
Away from

. with remaining thrust to continue flight. .
OEl Avoid . . Minor
Regi Cross-shafting results in all rotors
egion
Loss of single & continuing to spin.

propulsor Failure is detected. Power Required is
In OElI Avoid  greater than Power available (Pr > Pa). .
- . . . Catastrophic
Region Hard landing with potential loss of

aircraft/occupants.

Failures are detected. Cross-shafting

ensures all rotors are still spinning.

Controllability still present. Reduced
Dual power available. Insufficient power to

All
Propulsor Fail maintain level fight. Autorotative

Catastrophic
approach requires suitable landing area.
Worst case feasible outcome is loss of air

vehicle/occupant.

Failures are detected. Cross shafting

. ensures all rotors are still spinning.
Convert Electrical

Controllability still present. Pilots will

Energy to Torque High, away .
need to manually modulate engine .
from OEI ) Minor
. . power to a hover landing or a no hover
Avoid Region . .
landing with some forward speed to

maximize Effective Translational Lift
(ETL). Pilot workload issue.
Failures are detected. Cross shafting

. ensures all rotors are still spinning.
Single ESC

Fail Low, away .
need to manually modulate engine .
from OEI ) Minor
power to a hover landing or a no hover

Controllability still present. Pilots will

Avoid Region
& landing with some forward speed to
maximize Effective Translational Lift
(ETL). Pilot workload issue.
Failure is detected. Cross shafting
ensures controllability. Power Required is
Low, In OEI . .
. . greater than Power available (Pr > Pa). Catastrophic
Avoid Region

Hard landing with potential loss of
aircraft/crew.
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Function

Failure
Condition

(Continued)

Phase of
Operation

Effect of Failure

Classification

Provide Control
Signals to Rotors
and ESC

FCC Fail

All

ECS loses RPM loop closure commands
from FCC. Additionally, collective control
of rotor is lost. Catastrophic outcome
due to loss of flight path control

Catastrophic

Transfer Torque
to Rotors

Single
Gearbox Fail

All

Failures detected and annunciated to
aircrew (chip light, temp/ pressure
indications). Loss of ability to spin rotor
associated with that gearbox. Loss of
flight-path control and subsequent
catastrophic loss of air vehicle/occupants

Catastrophic

Provide HV Power
to ESC (to drive
the motor)

Complete HV
Battery Fail

All

Complete loss of all High Voltage Power
to motors. Complete loss of propulsion.
Autorotative landing required. Worst
case feasible outcome is loss of air-
vehicle/occupant.

Catastrophic

Individual

portions of

HV Battery
Fail

In OEI Avoid
Region

Failure is detected. Power Required is
greater than Power available (Pr > Pa).
Hard landing with potential loss of
aircraft/occupants.

Catastrophic

Away from
OEl Avoid
Region

Aircrew detects failure and compensates
with remaining thrust to continue flight

Minor

Provide LV Power
for FCC

LV Battery
Fail

All

Loss of power to all 4 ESC and FCC.
Collective

control of rotor lost. Loss of flight

Path Control and air vehicle

with remaining thrust to continue flight

Catastrophic

Distribute Torque
amongst Rotors

Cross Shaft
Fail

All

Annunciated to pilot. Need proper anti-
flail in place on driveshaft. Possible minor
handling qualities impact, lack of
redundancy available for follow-on
propulsion single or dual failures. This fail
in and of itself is not Catastrophic.

Minor

Control Rotor
Pitch

Actuator Fail

All

Aircraft response becomes sluggish.
Extreme cases lead to complete loss of
aircraft control if FCC is unable to
compensate.

Catastrophic
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Appendix A - Table 2: Quadcopter Hybrid FHA

. Failure Phase of L
Function . . . Classification
Condition Operation Effect of Failure
Aircrew detects failure and compensates
Away from

. with remaining thrust to continue flight. .
OEl Avoid . . Minor
Regi Cross-shafting results in all rotors
egion
Loss of single & continuing to spin.

propulsor Failure is detected. Power Required is
In OEl Avoid  greater than Power available (Pr > Pa).

Catastrophic
Region Hard landing with potential loss of P

aircraft/occupants.

Failures are detected. Cross-shafting
ensures all rotors are still spinning.
Controllability still present. Reduced
Dual power available. Insufficient power to .
. All L . . Catastrophic
Propulsor Fail maintain level fight. Autorotative
approach requires suitable landing area.
Worst case feasible outcome is loss of

air-vehicle/occupant.

Failures are detected. Cross shafting

. ensures all rotors are still spinning.
Convert Electrical

Energy to Torque High, away .
need to manually modulate engine .
from OEI . Minor
power to a hover landing or a no hover

Controllability still present. Pilots will

Avoid Region . .
landing with some forward speed to

maximize Effective Translational Lift
(ETL). Pilot workload issue.

Failures are detected. Cross shafting

. ensures all rotors are still spinning.
Single ESC

Fail Low, away .
need to manually modulate engine .
from OEI . Minor
power to a hover landing or a no hover

Controllability still present. Pilots will

Avoid Region
& landing with some forward speed to
maximize Effective Translational Lift
(ETL). Pilot workload issue.
Failure is detected. Cross shafting
ensures controllability. Power Required is
Low, In OEI . .
. . greater than Power available (Pr > Pa). Catastrophic
Avoid Region

Hard landing with potential loss of
aircraft/crew.
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(Continued)

. Failure Phase of .
Function . . i Classification
Condition Operation Effect of Failure
. ECS loses RPM loop closure commands
Provide Control N .
. . from FCC. Additionally, collective control .
Signals to Rotors FCC Fail All . . Catastrophic
d ESC of rotor is lost. Catastrophic outcome
an
due to loss of flight path control
Failures detected and annunciated to
aircrew (chip light, temp/ pressure
Transfer Torque Single indications). Loss of ability to spin rotor .
. All ) . Catastrophic
to Rotors Gearbox Fail associated with that gearbox. Loss of
flight-path control and subsequent
catastrophic loss of air vehicle/occupants
Turbo-generator needs to provide
Complete HV ) .
. All enough power for any transient power Critical
. Battery Fail . . o
Provide HV Power requirement. Possible reduction in range.
to ESC (to drive Aircraft switches to reserve HV battery
the motor) Turbo- Al power. Crew must attempt emergency Critical
ritica
generator Fail landing using the remaining battery
reserve power.
Provide LV Power Loss of power to all 4 ESC and FCC.
for FCC Collective control of rotor lost. Loss of
LV Battery . . . -
Fail All flight Path Control and air vehicle Catastrophic
with remaining thrust to continue flight
Distribute Torque Annunciated to pilot. Need proper anti-
amongst Rotors flail in place on driveshaft. Possible minor
handling qualities impact, lack of
Cross Shaft All redundancy available for follow-on Minor
Fail propulsion single or dual failures. This fail
in and of itself is not Catastrophic.
Control Rotor Aircraft response becomes sluggish.
Pitch . Ext lead t lete | f .
e Actuator Fail All Xtreme cases 1ead to comp ete 1ass 0 Catastrophic

aircraft control if FCC is unable to
compensate.
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Function

Provide Control
Signals to Rotors

Appendix A - Table 3: Quadcopter Turboshaft FHA

Failure
Condition

Phase of
Operation

Effect of Failure

Classification

FCC Fail

All

Collective control of rotor is lost.
Catastrophic outcome due to loss of
aircraft control.

Catastrophic

Transfer Torque
to Rotors

Single Gearbox
Fail

All

Failures detected and annunciated to
aircrew (chip light, temp/ pressure
indications). Loss of ability to spin rotor
associated with that gearbox. Loss of
flight-path control and subsequent
catastrophic loss of air
vehicle/occupants

Catastrophic

Provide LV Power
for FCC

LV Battery Fail

All

Loss of power to all 4 ESC and FCC.
Collective control of rotor lost. Loss of
flight Path Control and air vehicle
with remaining thrust to continue
flight

Catastrophic

Distribute Torque
amongst Rotors

Cross Shaft
Fail

All

Loss of torque to rotors. Aircraft
becomes unbalanced, loss of control
ensues. Catastrophic outcome due to
both loss of control and propulsion.

Catastrophic

Control Rotor
Pitch

Actuator Fail

All

Aircraft response become sluggish.
Extreme cases lead to complete loss of
aircraft control if FCC is unable to
compensate.

Catastrophic

Generate
Mechanical
Power

Single
Turboshaft Fail

Low, away
from OEI
Avoid Region

Due to sudden loss of power, aircraft
initially loses altitude, pilot skills
required to safely continue the flight or
emergency land the aircraft with one
engine operating. Pilot workload issue.

Critical

Single
Turboshaft Fail

Low, in OEI
Avoid Region

Aircraft loses propulsive power
necessary to continue flight.
Autorotative landing is required.

Catastrophic

Dual
Turboshaft Fail

All

Aircraft loses all propulsive power.
Autorotative landing is required.

Catastrophic
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Appendix A - Table 4: Hexacopter Collective Control FHA

Function Fall%":e Phase .Of Effect of Failure Classification
Condition Operation

Failures are detected. Controllability is

reduced. Pilots will need to manually

modulate engine power to a hover

landing or a no hover landing with some Critical
forward speed to maximize Effective

Translational Lift (ETL). Pilot workload

issue.

Away from OEI
Avoid Region
Single
Propulsor
Fail

Failure is detected. Controllability
is reduced. Power Required is greater
than Power available (Pr > Pa). Hard Catastrophic
landing with potential loss of
aircraft/crew.
Insufficient power and control to
maintain level fight. Autorotative
Dual landing required. Worst
Propulsor All case feasible outcome is loss of air- Catastrophic
Fail vehicle/occupant. Hazard classification
is the same whether OEIl or out of OEI
avoid region.
Insufficient power and control to
maintain level fight. Autorotative
Dual ESC Al landing required. Worst case feasible
Fail outcome is loss of air-vehicle/occupant.
Hazard classification is the same
whether OEI or out of OEl avoid region.

In OEI Avoid
Region

Convert Electrical
Energy to Torque

Catastrophic

Failures are detected. Controllability is
reduced. Pilots will need to manually
modulate engine power to a hover
landing or a no hover landing with some Critical
forward speed to maximize Effective
Single ESC Translational Lift (ETL). Pilot workload
Fail issue.

Away from OEI
Avoid Region

Failure is detected. Controllability

is reduced. Power Required is greater

than Power available (Pr > Pa). Hard Catastrophic

landing with potential loss of

aircraft/crew.

ECS loses RPM loop closure commands

Provide Control from FCC. Additionally, collective

Signals to Rotors FCC Fail All control of rotor is lost. Catastrophic Catastrophic
and ESC outcome due to loss of flight path

control.

In OEI Avoid
Region
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Function

Phase of
Operation

Failure
Condition

Effect of Failure

Classification

Transfer Torque
to Rotors

Provide HV Power
to ESC (to drive
the motor)

Away from OEI
Avoid Region

Single
Gearbox Fail

Failures are detected. Controllability
is reduced. Pilots will need to
manually modulate engine power to
a hover landing or a no hover
landing with some forward speed to
maximize Effective Translational Lift
(ETL). Pilot workload issue.

Critical

In OEI Avoid
Region

Failure is detected. Controllability

is reduced. Power Required is
greater than Power available (Pr >
Pa). Hard landing with potential loss
of aircraft/crew.

Catastrophic

Dual Gearbox

Fail Al

Insufficient power and control to
maintain level fight. Autorotative
landing required. Worst case feasible
outcome is loss of air-
vehicle/occupant. Hazard
classification is the same whether
OEl or out of OEl avoid region.

Catastrophic

Complete HV

All
Battery Fail

Complete loss of all High Voltage
Power to motors. Complete loss of
propulsion. Autorotative

landing required. Worst case feasible
outcome is loss of air-
vehicle/occupant.

Catastrophic

In OEl Avoid
Individual Region

Portions of

Failure is detected. Power Required
is greater than Power available (Pr >
Pa). Hard landing with potential loss
of aircraft/occupants.

Catastrophic

HV Battery
Fail Away from OElI
Avoid Region

Aircrew detects failure and
compensates with remaining thrust
to continue to emergency landing.

Major

Provide LV Power
for FCC

LV Battery

Fail Al

Loss of power to all 4 ESC and FCC.
Collective control of rotor lost. Loss
of flight Path Control and air vehicle
with remaining thrust to continue
flight.

Catastrophic

Control Rotor
Pitch

Actuator Fail All

Aircraft response become sluggish.
Extreme cases lead to complete loss
of aircraft control if FCC is unable to
compensate.

Catastrophic
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Appendix A - Table 5: Hexacopter RPM Control FHA

Function Fall%":e Phase .Of Effect of Failure Classification
Condition Operation

Failures are detected. Controllability is
reduced. Pilots will need to manually
modulate engine power to a hover
landing or a no hover landing with Critical
some forward speed to maximize
Single Effective Translational Lift (ETL). Pilot
Propulsor Fail workload issue.

Away from OEI
Avoid Region

Failure is detected. Controllability
is reduced. Power Required is greater
than Power available (Pr > Pa). Hard Catastrophic
landing with potential loss of
aircraft/crew.
Insufficient power and control to
maintain level fight. Autorotative
landing required. Worst case feasible
All outcome is loss of air- Catastrophic
vehicle/occupant. Hazard classification
is the same whether OEl or out of OEI
Convert Electrical avoid region.
Energy to Torque Insufficient power and control to
maintain level fight. Autorotative
landing required. Worst case feasible
Dual ESC Fail All outcome is loss of air- Catastrophic
vehicle/occupant. Hazard classification
is the same whether OEl or out of OEI
avoid region.

In OEI Avoid
Region

Dual
Propulsor Fail

Failures are detected. Controllability
is reduced. Pilots will need to
manually modulate engine power to a
hover landing or a no hover landing Critical
with some forward speed to maximize
Single ESC Effective Translational Lift (ETL). Pilot
Fail workload issue.

Away from OElI
Avoid Region

Failure is detected. Controllability

is reduced. Power Required is greater

than Power available (Pr > Pa). Hard Catastrophic

landing with potential loss of

aircraft/crew.

ECS loses RPM loop closure

Provide Control commands from FCC. Additionally,

Signals to Rotors FCC Fail All collective control of rotor is lost. Catastrophic
and ESC Catastrophic outcome due

to loss of flight path control.

In OEI Avoid
Region
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Function

Transfer Torque
to Rotors

Failure
Condition

Phase of
Operation

Effect of Failure

Classification

Single
Gearbox Fail

Away from OEI
Avoid Region

Failures are detected. Controllability
is reduced. Pilots will need to
manually modulate engine power to a
hover landing or a no hover landing
with some forward speed to maximize
Effective Translational Lift (ETL). Pilot
workload issue.

Critical

In OEl Avoid
Region

Failure is detected. Controllability

is reduced. Power Required is greater
than Power available (Pr > Pa). Hard
landing with potential loss of
aircraft/crew.

Catastrophic

Dual Gearbox
Fail

All

Insufficient power and control to
maintain level fight. Autorotative
landing required. Worst case feasible
outcome is loss of air-
vehicle/occupant. Hazard classification
is the same whether OEl or out of OEI
avoid region.

Catastrophic

Provide HV Power
to ESC (to drive
the motor)

Provide LV Power
for FCC

Complete HV
Battery Fail

All

Complete loss of all High Voltage
Power to motors. Complete loss of
propulsion. Autorotative landing
required. Worst case feasible outcome
is loss of air-vehicle/occupant.

Catastrophic

Individual

Portions of

HV Battery
Fail

In OEI Avoid
Region

Failure is detected. Power Required is
greater than Power available (Pr > Pa).
Hard landing with potential loss of
aircraft/occupants.

Catastrophic

Away from OEI
Avoid Region

Aircrew detects failure and
compensates with remaining thrust to
continue to emergency landing.

Major

LV Battery
Fail

All

Loss of power to all 4 ESC and FCC.
Collective control of rotor lost. Loss of
flightpath Control and air vehicle

with remaining thrust to continue
flight.

Catastrophic
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Appendix A - Table 6: Octocopter RPM Control FHA

Function Fall%":e Phase .Of Effect of Failure Classification
Condition Operation

Failures are detected. Controllability is
reduced. Pilots will need to manually
modulate engine power to a hover
landing or a no hover landing with Critical
some forward speed to maximize
Dual/Single Effective Translational Lift (ETL). Pilot
Propulsor Fail workload issue.

Away from OEI
Avoid Region

Failure is detected. Controllability
is reduced. Power Required is greater
than Power available (Pr > Pa). Hard Catastrophic
landing with potential loss of
aircraft/crew.
Insufficient power and control to
maintain level fight. Autorotative
landing required. Worst case feasible
All outcome is loss of air- Catastrophic
vehicle/occupant. Hazard classification
is the same whether OEl or out of OEI
Convert Electrical avoid region.
Energy to Torque Insufficient power and control to
maintain level fight. Autorotative
landing required. Worst case feasible
Triple ESC Fail All outcome is loss of air- Catastrophic
vehicle/occupant. Hazard classification
is the same whether OEl or out of OEI
avoid region.

In OEI Avoid
Region

Triple
Propulsor Fail

Failures are detected. Controllability
is reduced. Pilots will need to
manually modulate engine power to a
hover landing or a no hover landing Critical
with some forward speed to maximize
Dual/Single Effective Translational Lift (ETL). Pilot
ESC Fail workload issue.

Away from OEI
Avoid Region

Failure is detected. Controllability

is reduced. Power Required is greater

than Power available (Pr > Pa). Hard Catastrophic

landing with potential loss of

aircraft/crew.

ECS loses RPM loop closure

Provide Control commands from FCC. Additionally,

Signals to Rotors FCC Fail All collective control of rotor is lost. Catastrophic
and ESC Catastrophic outcome due

to loss of flight path control.
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Function

Transfer Torque
to Rotors

Failure
Condition

Phase of
Operation

Effect of Failure

Classification

Dual/Single
Gearbox Fail

Away from OEI
Avoid Region

Failures are detected. Controllability
is reduced. Pilots will need to
manually modulate engine power to a
hover landing or a no hover landing
with some forward speed to maximize
Effective Translational Lift (ETL). Pilot
workload issue.

Critical

In OEl Avoid
Region

Failure is detected. Controllability

is reduced. Power Required is greater
than Power available (Pr > Pa). Hard
landing with potential loss of
aircraft/crew.

Catastrophic

Triple
Gearbox Fail

All

Insufficient power and control to
maintain level fight. Autorotative
landing required. Worst case feasible
outcome is loss of air-
vehicle/occupant. Hazard classification
is the same whether OEl or out of OEI
avoid region.

Catastrophic

Provide HV Power
to ESC (to drive
the motor)

Provide LV Power
for FCC

Complete HV
Battery Fail

All

Complete loss of all High Voltage
Power to motors. Complete loss of
propulsion. Autorotative landing
required. Worst case feasible outcome
is loss of air-vehicle/occupant.

Catastrophic

Individual

Portions of

HV Battery
Fail

In OEI Avoid
Region

Failure is detected. Power Required is
greater than Power available (Pr > Pa).
Hard landing with potential loss of
aircraft/occupants.

Catastrophic

Away from OEI
Avoid Region

Aircrew detects failure and
compensates with remaining thrust to
continue to emergency landing.

Major

LV Battery
Fail

All

Loss of power to all 4 ESC and FCC.
Collective control of rotor lost. Loss of
flightpath Control and air vehicle

with remaining thrust to continue
flight.

Catastrophic
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APPENDIX B : FAILURE MODES, EFFECTS AND CRITICALITY ANALYSIS (FMECA) TABLES
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Appendix B - Table 1: Quadcopter Electric FMECA

Fail Fail Missi
Function Component aflure atlure ssion Local Failure Effect Next Higher Effect End Effect Severity Alpha Beta
Rate Mode Phase
Rotor experiences
Speed 8.08E-06 g All Rotor Torque Ripple q reduced. Possible Critical 20% 100.0%
Energy to Voltage motors are . . e
Controller aircraft instability.
Torque transferred through
cross-shaft system.
Rotor experiences
Eimcincal | Electroni esc Curent arow fromthe | Reduced aircaf
Speed 8.08E-06 All High Torque Ripple . range. Possible Critical 20% 100.0%
Energy to Overcurrent battery is increased. . . .
Controller - aircraft instability.
Torque Possible battery
thermal runaway.
Rotor experiences
Convert . torque oscillations. .
Electrical Electronic ESC Voltage Torque from other Available power
Speed 8.08E-06 oltag All Rotor Torque Ripple q reduced. Possible Critical 10% | 100.0%
Energy to Controller Transient motors are aircraft instabilit
Torque transferred through Ve
cross-shaft system.
Rotor experiences
illations.
el | Electroni esc Curtot drau from the | Reduced areraft
Speed 8.08E-06 . . All High Torque Ripple . range. Possible Critical 10% 100.0%
Energy to Vibrations battery is increased. . . .
Controller . aircraft instability.
Torque Possible battery
thermal runaway.
Rotor experiences
EIZ::SZI Electronic Manufacturi 'tl'c:)rrqticf):glrlr:a:t%zsr. Available power
Speed 8.08E-06 All Rotor Torque Ripple 9 reduced. Possible Critical 7% 100.0%
Energy to ng Defects motors are . . e
Controller aircraft instability.
Torque transferred through

cross-shaft system.

151




March 2021 Final Report, Reliability and Safety Assessment of Urban Air Mobility Concept Vehicles, Contract No. 80ARC020F0055, GTRI Document
No. D9015A001R2, April 2021

Fail Fail Missi
Function Component afiure atiure isston Local Failure Effect Next Higher Effect End Effect Severity Alpha Beta
Rate Mode Phase
Rotor experiences
Convert . torque oscillations. .
Electrical Electronic ESC Current Torque from other Available power
Speed 8.08E-06 All Rotor Torque Ripple q reduced. Possible Critical 2% 100.0%
Energy to Sensor Fault motors are . . L
Controller aircraft instability.
Torque transferred through
cross-shaft system.
Rotor experiences
Convert . torque oscillations. .
Electrical Electronic ESC Resolver Torque from other Available power
Speed 8.08E-06 All Rotor Torque Ripple q reduced. Possible Critical 2% 100.0%
Energy to Controller Fault motors are aircraft instabilit
Torque transferred through ¥
cross-shaft system.
(E:Ic;:l/:?all Electronic ESC ESC fails, motor -rl:)c::‘ctjres erc:em other Available power
Speed 8.08E-06 | Temperature All ’ reduced. Limited Critical 2% 100.0%
Energy to . produces no torque transferred through .
Controller Sensor Fail flight envelope.
Torque cross-shaft system.
Convert . Torque from other .
Electrical Electronic ESC High ESC fails, motor motors are Available power
Speed 8.08E-06 & All ’ reduced. Limited Critical 27% 40.0%
Energy to Temperature produces no torque transferred through .
Controller flight envelope.
Torque cross-shaft system.
(E:Ic;:\t/:?al Electronic ESC High ::JS;G; ::;m other Available power
Speed 8.08E-06 g All Rotor Low Torque reduced. Limited Critical 27% 30.0%
Energy to Temperature transferred through .
Controller flight envelope.
Torque cross-shaft system.
Rotor experiences
Speed 8.08E-06 & All Rotor Torque Ripple 9 reduced. Possible Critical 27% 30.0%
Energy to Controller Temperature motors are aircraft instabilit
Torque transferred through v
cross-shaft system.
Rotor experiences
Convert torque oscillations. .
Electrical Electric Motor High Torque from other Available power
5.10E-06 & All Motor Short Circuit g reduced. Possible Critical 6% | 100.0%
Energy to Motor Voltage motors are aircraft instabilit
Torque transferred through v

cross-shaft system.
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Fail Fail Missi
Function Component atlure atlure 1ssion Local Failure Effect Next Higher Effect End Effect Severity Alpha Beta
Rate Mode Phase
Rotor experiences
Convert torque oscillations. .
Electrical Electric Motor Torque from other Available power
5.10E-06 All Motor Short Circuit d reduced. Possible Critical 6% 20.0%
Energy to Motor Overcurrent motors are . . L
aircraft instability.
Torque transferred through
cross-shaft system.
Convert Torque from other .
Electrical Electric Motor motors are Available power
5.10E-06 All Rotor Torque Ripple reduced. Possible Critical 6% 10.0%
Energy to Motor Overcurrent transferred through . . s
aircraft instability.
Torque cross-shaft system.
Convert Torque from other .
Electrical Electric Motor motors are Available power
5.10E-06 All Low/No Torque reduced. Possible Critical 6% 60.0%
Energy to Motor Overcurrent transferred through . . s
aircraft instability.
Torque cross-shaft system.
Rotor experiences
(E:Ic;:l/:?all Electric Motor Rotor Low Torque; :cl'c;rrqiicf):cc)lrlr:a:)lt%r:r' Available power
5.10E-06 | Voltage All v Torque; a reduced. Possible Critical 3% | 100.0%
Energy to Motor - Torque Ripple motors are . . e
Transient aircraft instability.
Torque transferred through
cross-shaft system.
Convert Torque from other .
Electrical Electric Motor Rotor Low/No motors are Available power
5.10E-06 . All reduced. Possible Critical 0% 100.0%
Energy to Motor Eccentricity Torque; transferred through . . .
aircraft instability.
Torque cross-shaft system.
Convert Torque from other Available power
Electrical Electri Motor Shaft Rotor Low/No motors are . .
crie cine 5.10E-06 | . All rLow/ rsar reduced. Possible Critical 0% | 100.0%
Energy to Motor Failure Torque; transferred through . . I
aircraft instability.
Torque cross-shaft system.
Convert Torque from other .
Electrical Electric Motor High motors are Available power
5.10E-06 g All Rotor No Torque reduced. Possible Critical 84% 50.0%
Energy to Motor Temperature transferred through . . .
aircraft instability.
Torque cross-shaft system.
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Fail Fail Missi
Function Component atlure atlure 1ssion Local Failure Effect Next Higher Effect End Effect Severity Alpha Beta
Rate Mode Phase
Rotor experiences
Convert torque oscillations. .
Electrical Electric Motor High Torque from other Available power
5.10E-06 & All Rotor Short Circuit d reduced. Possible Critical 84% 20.0%
Energy to Motor Temperature motors are . . L
aircraft instability.
Torque transferred through
cross-shaft system.
El?a:\tll?itr:tal Electric Motor High Al -r:?;?:ri ];rroem oher Available power
5.10E-06 g Emergency Rotor Low Torque reduced. Possible Critical 84% 30.0%
Energy to Motor Temperature transferred through . . o
Maneuver aircraft instability.
Torque cross-shaft system.
i Loss of all
Provide No torque produced .
LvDC LV Batter Loss of function of by all ESC, No control propulsion and
LV Battery 1.01E-06 . y All .y - control. Aircraft Catastrophic 100% 100.0%
Power for Fail FCC and all ESC signals provided to
descends to
Control actuators
ground.
Provide
HV Power Battery Low/No Torque for :J?;ri Zr;m other Available power
to ESC (to HV Battery 8.07E-06 | Current All q reduced. Possible Critical 22% 100.0%
. the connected rotor transferred through . . s
drive the Sensor Fault aircraft instability.
cross-shaft system.
motor)
Provide
T fi h
HV Power Battery Low/No Torque for n?or?;ri arr?am other Available power
to ESC (to HV Battery 8.07E-06 | Voltage All q reduced. Possible Critical 22% 100.0%
. the connected rotor transferred through . . e
drive the Sensor Fault aircraft instability.
cross-shaft system.
motor)
Provide
T fi h
HV Power Battery Low/No Torque for r:c:'?:ri arrizm other Available power
to ESC (to HV Battery 8.07E-06 | Temperature All q reduced. Possible Critical 22% 100.0%
. the connected rotor transferred through . . e
drive the Sensor Fault aircraft instability.
cross-shaft system.
motor)
Provide
T fi th .
HV Power Battery Low/No Torque for n:)c:?;ri arrtzm other Available power
to ESC (to HV Battery 8.07E-06 | External All g reduced. Possible Critical 6% 100.0%
. - the connected rotor transferred through . . I
drive the Short Circuit aircraft instability.
cross-shaft system.
motor)
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Fail Fail Missi
Function Component atlure atlure 1ssion Local Failure Effect Next Higher Effect End Effect Severity Alpha Beta
Rate Mode Phase
Provide
HV Power Battery Low/No Torque for :;?;ri eroem other Available power
to ESC (to HV Battery 8.07E-06 | Physical All q reduced. Possible Critical 4% 100.0%
. the connected rotor transferred through . . -
drive the Damage aircraft instability.
cross-shaft system.
motor)
Provide
HV Power Battery Low/No Torque for :;?;ri eroem other Available power
to ESC (to HV Battery 8.07E-06 | Manufacturi All q reduced. Possible Critical 12% 100.0%
. the connected rotor transferred through . . s
drive the ng Defects aircraft instability.
cross-shaft system.
motor)
Provide
HV Power Battery Low/No Torque for -rl:)c::‘ctjres erc:em other Available power
to ESC (to HV Battery 8.07E-06 | External All q reduced. Possible Critical 12% 100.0%
. . the connected rotor transferred through . . L
drive the Overheating aircraft instability.
cross-shaft system.
motor)
Provide
T f th .
HV Power HV Batter Battery Low/No Torque for r:c:'?ctjrz arrc:em o Available power
to ESC (to . 4 4.30E-06 | Cooling All d reduced. Possible Critical 100% 100.0%
. Cooling . the connected rotor transferred through . . -
drive the Failure aircraft instability.
cross-shaft system.
motor)
Provide
HV Power Electric Fuse High No Torque for the :J?;Z ::;m other Available power
to ESC (to Distribution 5.96E-08 e All q reduced. Possible Critical 40.0% 70.0%
. Temperature connected rotor transferred through . . s
drive the System aircraft instability.
cross-shaft system.
motor)
Provide Torque is transferred
HV Power Electric to other rotors
Fuse High High T for th h h -shaff Possible aircraf
to ESC(to | Distribution | 5.96E-08 | . €™ All 'gh Torque forthe ) through cross-shaft Possible aircraft Major 40.0% | 30.0%
. Temperature connected rotor system. Controls must | instability
drive the System )
compensate for high
motor)
torque error.
Provide Torque from other
HV Power Electric Fuse No Toraue for the mo‘?ors are Available power
to ESC (to Distribution 4.47E-08 All 9 reduced. Possible Critical 30.0% 70.0%
. Overcurrent connected rotor transferred through . . .
drive the System aircraft instability.
cross-shaft system.
motor)
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Fail Fail Missi
Function Component atlure atlure 1ssion Local Failure Effect Next Higher Effect End Effect Severity Alpha Beta
Rate Mode Phase
Provide Torque is transferred
HV Power Electric to other rotors
e F High T for th th h -shaft Possible aircraft .
to ESC(to | Distribution | 4.47E-08 | °¢ All 'gh Torque for the rough cross-sha rossivie aircra Major 30.0% | 30.0%
. Overcurrent connected rotor system. Controls must | instability
drive the System .
compensate for high
motor)
torque error.
Provide Torque from other
HV Power Electric Fuse High No Torque for the mo'?ors are Available power
to ESC (to Distribution 4.47E-08 g All 9 reduced. Possible Critical 30.0% 70.0%
. Voltage connected rotor transferred through . . s
drive the System aircraft instability.
cross-shaft system.
motor)
Provide Torque is transferred
HV Power Electric to other rotors
. Fuse High High Torque for the through cross-shaft Possible aircraft .
to ESC (to | Distribution | 4.47e-08 | K 2°€M8 All 'sh Torqu ue rossib’e al Major 30.0% | 30.0%
. Voltage connected rotor system. Controls must | instability
drive the System .
compensate for high
motor)
torque error.
Provide Torque from other
HV Power Electric Contactor No Toraue for the mo?ors are Available power
to ESC (to Distribution 5.96E-08 | High All 9 reduced. Possible Critical 40.0% 70.0%
. connected rotor transferred through . . I
drive the System Temperature aircraft instability.
cross-shaft system.
motor)
Provide Torque is transferred
HV Power Electric Contactor to other rotors
e . High T for th h h -shaf Possible aircraf .
to ESC (to | Distribution | 5.96E-08 | High All Igh Torque forthe ) through cross-shaft Possible aircraft Major 40.0% | 30.0%
. connected rotor system. Controls must | instability
drive the System Temperature .
compensate for high
motor)
torque error.
Provide Torque from other
HV Power Electric Contactor No Torque for the mo'?ors are Available power
to ESC (to Distribution 4.47E-08 All q reduced. Possible Critical 30.0% 70.0%
. Overcurrent connected rotor transferred through . . .
drive the System aircraft instability.
cross-shaft system.
motor)
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Fail Fail Missi
Function Component atlure atlure 1ssion Local Failure Effect Next Higher Effect End Effect Severity Alpha Beta
Rate Mode Phase
Provide Torque is transferred
HV Power Electric to other rotors
. Contact High T for th th h -shaft Possible aircraft .
to ESC (to | Distribution 44708 | -omactor Al 'gh Torque for the rough cross-sha rossivie aircra Major 30.0% | 30.0%
. Overcurrent connected rotor system. Controls must | instability
drive the System .
compensate for high
motor)
torque error.
Provide Torque from other
HV Power Electric Contactor No Torque for the mo'?ors are Available power
to ESC (to Distribution 4.47E-08 . All 9 reduced. Possible Critical 30.0% 70.0%
. High Voltage connected rotor transferred through . . o
drive the System aircraft instability.
cross-shaft system.
motor)
Provide Torque is transferred
HV Power Electric to other rotors
. Contactor High Torque for the through cross-shaft Possible aircraft .
to ESC (to | Distribution | 4.47E-08 | - All 'sh Torqu ue rossibie al Major 30.0% | 30.0%
. High Voltage connected rotor system. Controls must | instability
drive the System .
compensate for high
motor)
torque error.
Provide Torque from other
HV Power Electric Connection No Torque for the motqors are Available power
to ESC (to Distribution 1.39E-07 ) All d reduced. Possible Critical 100.0% 70.0%
. Failure connected rotor transferred through . . .
drive the System aircraft instability.
cross-shaft system.
motor)
Provide Torque is transferred
HV Power Electric to other rotors
L i High T for th h h -shaf Possible aircraf .
to ESC(to | Distribution | 1.39E-07 | connection All Igh Torque forthe ) through cross-shaft Possible aircraft Major 100.0% | 30.0%
. Failure connected rotor system. Controls must | instability
drive the System .
compensate for high
motor)
torque error.
A
Not transmitting n unexpected
maneuver ensues due
Distribute power between the to the power
Toraue Central Shaft Emereenc two halves of the transmFi)ssion Available power
q Gearbox 7.15E-07 | Overload gency cross-shafting system . reduced. Possible Critical 10.0% 100.0%
amongst maneuver disturbance. The . . .
Shaft Breakage and unexpected . aircraft instability.
Rotors electric motor power

rotor speed
derivatives

outputs should be
readjusted to trim.
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Fail Fail Missi
Function Component atlure atlure 1ssion Local Failure Effect Next Higher Effect End Effect Severity Alpha Beta
Rate Mode Phase
_ An unexpected
Not transmitting
maneuver ensues due
. power between the
Distribute to the power .
Toraue Central Shaft Fatieue two halves of the transmission Available power
q Gearbox 7.15E-07 g All cross-shafting system . reduced. Possible Critical 90.0% 100.0%
amongst Breakage disturbance. The . . s
Shaft and unexpected . aircraft instability.
Rotors electric motor power
rotor speed
L outputs should be
derivatives . .
readjusted to trim.
_— The central shaft
Distribute . . .
Toraue Central Bearin Bearing creates more | transmits power less Available power
q Gearbox 4.29E-06 . & All vibration and spins efficiently among the reduced. Possible Major 90.0% 100.0%
amongst Spalling . . ) . . -
Rotors Shaft with more friction electric motor-rotor aircraft instability.
pairs.
Imminent sequential
Distribute Bearing carries component failures .
Torque Central Bearin Emergenc significantly less or such as central shaft Available power
9 Gearbox 4.26E-06 & gency & U . . . . reduced. Possible Critical 10.0% 100.0%
amongst Fracture maneuver no load and vibrates dislocation which . . .
Shaft . . . aircraft instability.
Rotors violently isolates the electric
motors
Gear power
Distribute transmission More power
Toraue Central Teeth Emereenc efficiency goes down | generation becomes Available power
9 Gearbox 2.52E-07 | Surface BENCY 1 4ue to more friction necessary to make up reduced. Possible Major 85.0% 100.0%
amongst . maneuver . . . . . .
Rotors Bevel Gear Fatigue and the experienced for the increase in aircraft instability.
vibration in inefficiency
operation increases
Th ki h
_— e broken toot The electric motors
Distribute reduces the .
Toraue Central Teeth Emereenc transmission need to compensate Available power
9 Gearbox 2.52E-07 | Overload gency - for the reduction in reduced. Possible Critical 5.0% 100.0%
amongst maneuver efficiency. In - . . . e
Bevel Gear Fracture " . . efficiency to provide aircraft instability.
Rotors addition, vibrations

increase.

the same performance
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Fail Fail Missi
Function Component atlure atlure 1ssion Local Failure Effect Next Higher Effect End Effect Severity Alpha Beta
Rate Mode Phase
The broken tooth .
. The electric motors
Distribute reduces the .
Toraue Central Teeth transmission need to compensate Available power
9 Gearbox 2.52E-07 | Fatigue All - for the reduction in reduced. Possible Critical 10.0% 100.0%
amongst efficiency. In - . . . L
Bevel Gear Fracture " . . efficiency to provide aircraft instability.
Rotors addition, vibrations
. the same performance
increase.
The central gearbox
Gear power .
L transmits less power
Distribute transmission among the electric
Toraue Central Teeth Emergenc efficiency goes down motors due to the Available power
q Gearbox 3.48E-07 | Surface gency due to more friction . reduced. Possible Major 85.0% 100.0%
amongst . . maneuver . decrease in the . . s
Auxiliary Fatigue and the experienced s , aircraft instability.
Rotors . Lo auxiliary gearbox's
vibration in oo
S transmission
operation increases -
efficiency.
The broken tooth
Distri h Th
TcIJSrtrLbeUte Central Teeth Emergenc Ef::scni?stsisn traifr:\il::i:)n through Available power
g Gearbox 3.48E-07 | Overload gency m " | reduced. Possible Critical 5.0% | 100.0%
amongst . maneuver efficiency. In the central gearbox is . . s
Auxiliary Fracture . . . - aircraft instability.
Rotors addition, vibrations less efficient
increase.
The broken tooth
Distri h Th .
TcIJSrtnubeUte Central Teeth ;f::scrre'n?stsisn traer1§:1\;\sI§irCJn through Available power
9 Gearbox 3.48E-07 | Fatigue All - gA reduced. Possible Critical 10.0% 100.0%
amongst Auxiliar Fracture efficiency. In the central gearbox is aircraft instabilit
Rotors ¥ addition, vibrations less efficient ¥

increase.
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Fail Fail Missi
Function Component afiure atiure isston Local Failure Effect Next Higher Effect End Effect Severity Alpha Beta
Rate Mode Phase
Not transmitting An unexpected
power between the maneuver ensues due
Distribute electric motor-rotor to the power .
Torque Cross- Overload Emergenc combination and the | transmission Available power
q Shafting 7.15E-07 gency . reduced. Possible Critical 10.0% 100.0%
amongst Breakage maneuver central gearbox disturbance. The . . .
Shafts L . aircraft instability.
Rotors resulting in electric motor power
unexpected rotor outputs should be
speed derivatives readjusted to trim.
Not transmitting An unexpected
power between the maneuver ensues due
Distribute electric motor-rotor to the power .
Torque Cross- Fatigue combination and the | transmission Available power
q Shafting 7.15E-07 g All . reduced. Possible Critical 90.0% | 100.0%
amongst Breakage central gearbox disturbance. The . . o
Shafts L . aircraft instability.
Rotors resulting in electric motor power
unexpected rotor outputs should be
speed derivatives readjusted to trim.
The cross-shafting
Distri . i .
Tcl)srtr:jb:te Cross- Bearin Bearing creates more Sf\:/ir:]ltersasnesfrpilctiintl Available power
9 Shafting 4.29E-06 . & All vibration and spins P 4 reduced. Possible Major 90.0% 100.0%
amongst . Spalling . . to and from the . . e
Bearings with more friction aircraft instability.
Rotors central gearbox due to
the increased friction
Imminent sequential
component failures
Distribute Bearing carries such as cross-shaft .
Torque Cross- Bearin Emergenc significantly less or dislocation which Available power
q Shafting 4.29E-06 & gency | Sl vie . reduced. Possible Critical 10.0% | 100.0%
amongst . Fracture maneuver no load and vibrates isolates the connected . . s
Bearings . . aircraft instability.
Rotors violently electric motor from

the other electric
motors
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Function Component atlure atlure 1ssion Local Failure Effect Next Higher Effect End Effect Severity Alpha Beta
Rate Mode Phase
Gear power
- transmission The electric motors
Distribute - .
Toraue Cross- Teeth Emergenc efficiency goes down | need to generate Available power
9 Shafting 2.52E-07 | Surface gency due to more friction more power to reduced. Possible Major 85.0% 100.0%
amongst . maneuver . . . . I
Rotors Bevel Gears Fatigue and the experienced provide the same aircraft instability.
vibration in performance
operation increases
Distribute The broken tooth The same . .
Toraue Cross- Teeth Emergenc reduces the gear performance requires | Available power
q Shafting 2.52E-07 | Overload gency - & an increase in electric reduced. Possible Critical 5.0% 100.0%
amongst maneuver efficiency and the . . s
Bevel Gears Fracture . . . motor power aircraft instability.
Rotors vibrations increase .
generation
Distribute The broken tooth The same . .
Toraue Cross- Teeth reduces the gear performance requires | Available power
9 Shafting 2.52E-07 | Fatigue All - & an increase in electric reduced. Possible Critical 10.0% 100.0%
amongst efficiency and the . . s
Bevel Gears Fracture . . . motor power aircraft instability.
Rotors vibrations increase .
generation
Gear power
transmission More power is .
- . Available power
Transfer Reduction Teeth Emergenc efficiency goes down | necessary to spin the reduced. Possible
Torque to 4.23E-07 | Surface BENY | due to more friction rotor attached to the . N . Major 85.0% 100.0%
Gearbox . maneuver . aircraft instability.
Rotors Fatigue and the experienced gearbox at the same .
. L . Range is reduced.
vibration in speed and pitch angle
operation increases
The broken tooth The same Available power
Transfer Reduction Teeth Emergenc reduces the gear erformance level reduced. Possible
Torque to 4.23€-07 | Overload geney ) e & performancs | TREUeRE PO Critical 5.0% | 100.0%
Rotors Gearbox Fracture maneuver efficiency and the requires an increase in | aircraft instability.

vibrations increase

power generation

Range is reduced.
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Function Component atlure atlure 1ssion Local Failure Effect Next Higher Effect End Effect Severity Alpha Beta
Rate Mode Phase
The broken tooth The same Available power
Transfer Reduction Teeth reduces the gear erformance level reduced. Possible
Torque to 4.23E-07 | Fatigue All . & P . . . . N o Critical 10.0% 100.0%
Gearbox efficiency and the requires an increase in | aircraft instability.
Rotors Fracture . . . . .
vibrations increase power generation Range is reduced.
Gear power
transmission
Convert - The power required .
EIechical Motor Teeth Emereenc efficiency goes down for tEeV:ame :?LL:;(iIiar Available Power
Auxiliary 3.48E-07 | Surface gency due to more friction ¥ Reduced. Range is Major 85.0% 100.0%
Energy to . maneuver . system performance
Gearbox Fatigue and the experienced ) reduced.
Torque . Lo increases
vibration in
operation increases
il | Motor Teeth cmergency | roducos e gour | forthe same autiary | Aable Pover
Auxiliary 3.48E-07 | Overload gency T & Y| Reduced. Range is Critical 50% | 100.0%
Energy to maneuver efficiency and the system performance
Gearbox Fracture . . . . reduced.
Torque vibrations increase. increases
il | Motor Teeth et gent | or the eame iary | Avaeble Power
Auxiliary 3.48E-07 | Fatigue All u & Y | Reduced. Range i Critical 10.0% | 100.0%
Energy to efficiency and the system performance
Gearbox Fracture . . . . reduced.
Torque vibrations increase. increases
The remaining three Available power
Transfer Rotor Overload Emergenc The clutch fails to connected motors reduced. Possible
Torque to Overruning 4.23E-07 gency . N e Critical 5.0% 100.0%
Fracture maneuver engage must power the four aircraft instability.
Rotors Clutch .
rotors Range is reduced.
The remaining three Available power
Transfer Rotor Fatigue The clutch fails to connected motors reduced. Possible
Torque to Overruning 4.23E-07 & All . N o Critical 15.0% 100.0%
Rotors Clutch Fracture engage must power the four aircraft instability.

rotors

Range is reduced.
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Function Component atlure atlure 1ssion Local Failure Effect Next Higher Effect End Effect Severity Alpha Beta
Rate Mode Phase
Transfer Rotor The clutch efficienc The electric motor Available power
Torque to Overruning 4.23E-07 | Degradation All is lower ¥ power generation reduced. Range is Critical 80.0% 100.0%
Rotors Clutch increases reduced.
Control Collective Rotor pitch differs If FCC is not able to
Rotor Actuators 5.50E-05 | Bias All from desired compensate for error, | Loss of control. Catastrophic 25.0% 100.0%
Pitch position. aircraft loses control.
Control
Collecti Stuck Unable to ch L f control i .
Rotor otective 5.50E-05 ue All na e. 0 change . OSS.O controtis Loss of control. Catastrophic 15.0% 100.0%
pitch Actuators Surface rotor pitch. inevitable.
control Collective Rotor pitch is stuck at | Loss of control is
Rotor 5.50E-05 | Hardover All P L Loss of control. Catastrophic 10.0% 100.0%
. Actuators one extreme inevitable.
Pitch
Control Collective Floatin Unable to control Loss of control is
Rotor 5.50E-05 g All . L Loss of control. Catastrophic 20.0% 100.0%
pitch Actuators Surface rotor pitch inevitable.
control Collective Rotor pitch changes Loss of control is
Rotor 5.50E-05 | Oscillations All . P & L Loss of control. Catastrophic 10.0% 100.0%
. Actuators erratically. inevitable.
Pitch
contro Collective Increased Reduced range of Aircraft maneuverin Possible aircraft
Rotor 5.50E-05 All . & . & . L Critical 20.0% 100.0%
pitch Actuators Deadband motor pitch. becomes sluggish. instability
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Appendix B - Table 2: Quadcopter Hybrid FMECA

Failure Failure Mission
F i Local Fail Eff N Higher Eff End Eff i Alph B
unction  Component Rate Mode Phase ocal Failure Effect ext Higher Effect nd Effect Severity pha eta
Rotor experiences
Speed 8.08E-06 & All Rotor Torque Ripple q reduced. Possible Critical 20% 100.0%
Energy to Voltage motors are . . s
Controller aircraft instability.
Torque transferred through
cross-shaft system.
Rotor experiences
Convert torque oscillations.
Electrical Electronic ESC Current draw from Reduced aircraft
Speed 8.08E-06 All High Torque Ripple the battery is range. Possible Critical 20% 100.0%
Energy to Overcurrent . . . . .
Controller increased. Possible aircraft instability.
Torque
battery thermal
runaway.
Rotor experiences
Convert . torque oscillations. .
Electrical Electronic ESC Voltage Torque from other Available power
Speed 8.08E-06 oltag All Rotor Torque Ripple q reduced. Possible Critical 10% | 100.0%
Energy to Transient motors are . . L
Controller aircraft instability.
Torque transferred through
cross-shaft system.
Rotor experiences
Convert torque oscillations.
Electrical Electronic ESC Current draw from Reduced aircraft
Speed 8.08E-06 . . All High Torque Ripple the battery is range. Possible Critical 10% 100.0%
Energy to Vibrations . . . . -
Controller increased. Possible aircraft instability.
Torque
battery thermal
runaway.
Rotor experiences
Convert . torque oscillations. .
Electrical Electronic Manufacturi Torque from other Available power Critical
Speed 8.08E-06 All Rotor Torque Ripple q reduced. Possible 7% 100.0%
Energy to Controller ng Defects motors are aircraft instabilit
Torque transferred through v
cross-shaft system.
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. Failure Failure Mission . . .
Function Component Rate Mode Phase Local Failure Effect Next Higher Effect End Effect Severity Alpha Beta
Rotor experiences
Convert . torque oscillations. .
Electrical Electronic ESC Current Torque from other Available power
Speed 8.08E-06 All Rotor Torque Ripple 9 reduced. Possible Critical 2% 100.0%
Energy to Sensor Fault motors are . . s
Controller aircraft instability.
Torque transferred through
cross-shaft system.
Rotor experiences
Er:;::gl Electronic ESC Pr(;rrql;Z?:g::a;Itizsr' Available power
Speed 8.08E-06 Resolver All Rotor Torque Ripple q reduced. Possible Critical 2% 100.0%
Energy to Controller Fault motors are aircraft instabilit
Torque transferred through Y.
cross-shaft system.
(E:Ic:a:\t/:tr:; Electronic ESC ESC fails, motor Torcr‘rl:stfor?sr:rc:ather Available power
Speed 8.08E-06 Temperatur All ! reduced. Limited Critical 2% 100.0%
Energy to . produces no torque transferred through .
Controller e Sensor Fail flight envelope.
Torque cross-shaft system.
C t . . T fi th .
EIZ:Z:EaI Electronic ESC High ESC fails. motor orﬂstgfsrz:; er Available power
Speed 8.08E-06 Temperatur All ! reduced. Limited Critical 27% 40.0%
Energy to produces no torque transferred through .
Controller e flight envelope.
Torque cross-shaft system.
C t . . T fi th .
onve.r Electronic ESC High orque from other Available power
Electrical motors are . "
Speed 8.08E-06 Temperatur All Rotor Low Torque reduced. Limited Critical 27% 30.0%
Energy to transferred through .
Controller e flight envelope.
Torque cross-shaft system.
Rotor experiences
C t . . t illati . .
EIZ:Z:EaI Electronic ESC High Tc;r?uueec;igmac:hn:r Available power
Speed 8.08E-06 Temperatur All Rotor Torque Ripple q reduced. Possible Critical 27% 30.0%
Energy to Controller e motors are aircraft instabilit
Torque transferred through v
cross-shaft system.
Rotor experiences
Convert torque oscillations. .
Electrical Electric Motor High Torque from other Available power
5.10E-06 g All Motor Short Circuit N reduced. Possible Critical 6% 100.0%
Energy to Motor Voltage motors are aircraft instabilit
Torque transferred through v

cross-shaft system.
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. Failure Failure Mission . . .
Function Component Rate Mode Phase Local Failure Effect Next Higher Effect End Effect Severity Alpha Beta
Rotor experiences
Convert torque oscillations. .
Electrical Electric Motor Torque from other Available power
5.10E-06 All Motor Short Circuit d reduced. Possible Critical 6% 20.0%
Energy to Motor Overcurrent motors are . . s
aircraft instability.
Torque transferred through
cross-shaft system.
Convert Torque from other .
Electrical Electric Motor motors are Available power
5.10E-06 All Rotor Torque Ripple reduced. Possible Critical 6% 10.0%
Energy to Motor Overcurrent transferred through . ) s
aircraft instability.
Torque cross-shaft system.
Convert Torque from other .
Electrical Electric Motor motors are Available power
5.10E-06 All Low/No Torque reduced. Possible Critical 6% 60.0%
Energy to Motor Overcurrent transferred through . ) I
aircraft instability.
Torque cross-shaft system.
Rotor experiences
El(;:\tﬁ; Electric Motor Rotor Low Torque; 'tl%rrql:Jee?rsglr:act)l'col':ei. Available power
5.10E-06 | Voltage All . que; d reduced. Possible Critical 3% 100.0%
Energy to Motor - Torque Ripple motors are . . L
Transient aircraft instability.
Torque transferred through
cross-shaft system.
Convert Torque from other .
Electrical Electric Motor Rotor Low/No motors are Available power
5.10E-06 - All reduced. Possible Critical 0% 100.0%
Energy to Motor Eccentricity Torque; transferred through . ) I
aircraft instability.
Torque cross-shaft system.
Convert Torque from other Available power
Electrical Electri Motor Shaft Rotor L N t . .
ectrica ectric 5.10E-06 9 or>ha All otor Low/No motors are reduced. Possible Critical 0% 100.0%
Energy to Motor Failure Torque; transferred through . ) e
aircraft instability.
Torque cross-shaft system.
T f h
5.10E-06 | Temperatur All Rotor No Torque reduced. Possible Critical 84% 50.0%
Energy to Motor transferred through . ) L
e aircraft instability.
Torque cross-shaft system.
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Failure Failure Mission
F i Local Fail Eff N Higher Eff End Eff i Alph B
unction  Component Rate Mode Phase ocal Failure Effect ext Higher Effect nd Effect Severity pha eta
Rotor experiences
C t . t illati . .
5.10E-06 | Temperatur All Rotor Short Circuit d reduced. Possible Critical 84% 20.0%
Energy to Motor motors are . . e
e aircraft instability.
Torque transferred through
cross-shaft system.
C t . T f th .
El(:c‘e?c/l(’eizal Electric Motor High moor?ouri arr?em o Available power
5.10E-06 | Temperatur All Rotor Low Torque reduced. Possible Critical 84% 30.0%
Energy to Motor transferred through . ) e
e aircraft instability.
Torque cross-shaft system.
Provide No torque produced Loss of ?”
LvDC LV Batter Loss of function of by all ESC, No control propulsion and
LV Battery 1.01E-06 . 4 All 'y - control. Aircraft Catastrophic 100% 100.0%
Power for Fail FCC and all ESC signals provided to
descends to
Control actuators
ground.
Provide If only battery power
HV Power Battery Low/No Torque is available, rotors Available Power
to ESC (to HV Battery 8.07E-06 Current All when battery power | may not receive Reduced. Range is Critical 22% 100.0%
drive the Sensor Fault is used sufficient power for reduced.
motor) desired maneuvers.
Provide If only battery power
HV Power Battery Low/No Torque is available, rotors Available Power
to ESC (to HV Battery 8.07E-06 | Voltage All when battery power | may not receive Reduced. Range is Critical 22% 100.0%
drive the Sensor Fault is used sufficient power for reduced.
motor) desired maneuvers.
Provide Batter If only battery power
HV Power Tem eyratur Low/No Torque is available, rotors Available Power
to ESC (to HV Battery 8.07E-06 o Se:sor All when battery power | may not receive Reduced. Range is Critical 22% 100.0%
drive the Fault is used sufficient power for reduced.
motor) desired maneuvers.
Provide If only battery power
HV Power Battery Low/No Torque is available, rotors Available Power
to ESC (to HV Battery 8.07E-06 External All when battery power | may not receive Reduced. Range is Critical 6% 100.0%
drive the Short Circuit is used sufficient power for reduced.
motor) desired maneuvers.
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Failure Failure Mission
F i Local Fail Eff N Higher Eff End Eff i Alph B
unction  Component Rate Mode Phase ocal Failure Effect ext Higher Effect nd Effect Severity pha eta
Provide If only battery power
HV Power Battery Low/No Torque is available, rotors Available Power
to ESC (to HV Battery 8.07E-06 Physical All when battery power | may not receive Reduced. Range is Critical 4% 100.0%
drive the Damage is used sufficient power for reduced.
motor) desired maneuvers.
Provide If only battery power
HV Power Battery Low/No Torque is available, rotors Available Power
to ESC (to HV Battery 8.07E-06 Manufacturi All when battery power | may not receive Reduced. Range is Critical 12% 100.0%
drive the ng Defects is used sufficient power for reduced.
motor) desired maneuvers.
Provide If only battery power
HV Power Battery Low/No Torque is available, rotors Available Power
to ESC (to HV Battery 8.07E-06 External All when battery power | may not receive Reduced. Range is Critical 12% 100.0%
drive the Overheating is used sufficient power for reduced.
motor) desired maneuvers.
Provide If only battery power
HV Power HV Batter Battery Low/No Torque is available, rotors Available Power
to ESC (to Coolin ¥ 4.30E-06 Cooling All when battery power | may not receive Reduced. Range is Critical 100% 100.0%
drive the & Failure is used sufficient power for reduced.
motor) desired maneuvers.
Provide Torque from other
HV Power Electric Fuse High No Toraue for the mo'?ors are Available power
to ESC (to Distribution 5.96E-08 Temperatur All q reduced. Possible Critical 40.0% 70.0%
. connected rotor transferred through . ) e
drive the System e aircraft instability.
cross-shaft system.
motor)
Provide ooterrore
HV Power Electric Fuse High . . .
. High Torque for the through cross-shaft Possible aft .
to ESC (to Distribution 5.96E-08 | Temperatur All '8 qu rough cross . >t . airer Major 40.0% 30.0%
. connected rotor system. Controls instability
drive the System e
must compensate for
motor) .
high torque error.
Provide
HV Power Electric Fuse No Torque for the -rl;woor'?c?res 1;rroem other Available power
to ESC (to Distribution 4.47E-08 All 9 reduced. Possible Critical 30.0% 70.0%
. Overcurrent connected rotor transferred through . . .
drive the System aircraft instability.
cross-shaft system.
motor)
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Failure Failure Mission
F i Local Fail Eff N Higher Eff End Eff i Alph B
unction  Component Rate Mode Phase ocal Failure Effect ext Higher Effect nd Effect Severity pha eta
Provide Torque is transferred
HV Power | Electric to other rotors
. F High T for th th h -shaft Possible aircraft .
to ESC (to Distribution 4.47E-08 use All Igh Torque tor the rough cross-sha . ossl .? aircra Major 30.0% 30.0%
. Overcurrent connected rotor system. Controls instability
drive the System
must compensate for
motor) .
high torque error.
Provide
HV Power Electric Fuse High No Torque for the ;0(:?;‘2 ];rr?em oher Available power
to ESC (to Distribution 4.47E-08 & All d reduced. Possible Critical 30.0% 70.0%
. Voltage connected rotor transferred through . . e
drive the System aircraft instability.
cross-shaft system.
motor)
Provide Torque is transferred
HV Power Electric to other rotors
. Fuse High High Torque for the through cross-shaft Possible aircraft .
to ESC (to | Distribution | 4.47E-08 | @ >¢"'8 All 'eh Torqu ug rossivie al Major 30.0% | 30.0%
. Voltage connected rotor system. Controls instability
drive the System
must compensate for
motor) .
high torque error.
Provide
HV Power Electric Eci)nhtactor No Toraue for the ;oc::‘;i Zr;m other Available power
to ESC (to Distribution 5.96E-08 & All g reduced. Possible Critical 40.0% 70.0%
. Temperatur connected rotor transferred through . . L
drive the System aircraft instability.
e cross-shaft system.
motor)
. Torque is transferred
Provide
. Contactor to other rotors
HV Power | Electric High High Torque for the through cross-shaft Possible aircraft
to ESC (to | Distribution | 5.96E-08 & All gh forq g P OS5I Major 40.0% | 30.0%
. Temperatur connected rotor system. Controls instability
drive the System
e must compensate for
motor) .
high torque error.
Provide
HV Power ) Electric Contactor No Torque for the ;Oor?;res ];rroem oher Available power
to ESC (to Distribution 4.47E-08 All q reduced. Possible Critical 30.0% 70.0%
. Overcurrent connected rotor transferred through . . e
drive the System aircraft instability.
cross-shaft system.
motor)
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Failure Failure Mission
F i Local Fail Eff N Higher Eff End Eff i Alph B
unction  Component Rate Mode Phase ocal Failure Effect ext Higher Effect nd Effect Severity pha eta
Provide Torque is transferred
HV Power | Electric to other rotors
. Contact High T for th th h -shaft Possible aircraft .
to ESC (to | Distribution | 4.47E-08 ontactor Al gh Torque for the rough cross-sha rossivle aircra Major 30.0% | 30.0%
. Overcurrent connected rotor system. Controls instability
drive the System
must compensate for
motor) .
high torque error.
Provide Torque from other
HV Power Electric Contactor No Toraue for the mo'?ors are Available power
to ESC (to Distribution 4.47E-08 High All d reduced. Possible Critical 30.0% 70.0%
. connected rotor transferred through . . e
drive the System Voltage aircraft instability.
cross-shaft system.
motor)
Lo s
HV Power Electric Contactor
. . High Torque for the through cross-shaft Possible aircraft .
to ESC (to | Distribution | 4.47E-08 | High All 'eh Torqu ue rossive al Major 30.0% | 30.0%
. connected rotor system. Controls instability
drive the System Voltage
must compensate for
motor) .
high torque error.
Provide
HV Power | Electric Connection No Torque for the ;chglres ‘;r:;m oher Available power
to ESC (to Distribution 1.39E-07 . All g reduced. Possible Critical 100.0% 70.0%
. Failure connected rotor transferred through . . L
drive the System aircraft instability.
cross-shaft system.
motor)
Provide Torque is transferred
HV Power Electric to other rotors
L i High T for th h h -shaf Possible aircraf .
to ESC (to | Distribution | 1.39e-07 | connection All igh Torque for the | through cross-shaft | Possible aircraft Major 100.0% | 30.0%
. Failure connected rotor system. Controls instability
drive the System
must compensate for
motor) .
high torque error.
Al
Not transmitting n unexpected
maneuver ensues due
Distribute power between the to the power
Toraue Central Shaft Emereenc two halves of the transmri)ssion Available power
q Gearbox 7.15E-07 Overload gency cross-shafting . reduced. Possible Critical 10.0% 100.0%
amongst maneuver disturbance. The . . .
Shaft Breakage system and . aircraft instability.
Rotors electric motor power

unexpected rotor
speed derivatives

outputs should be
readjusted to trim.
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. Failure Failure Mission . . .
Function Component Local Failure Effect Next Higher Effect End Effect Severity Alpha Beta
Rate Mode Phase
_ An unexpected
Not transmitting
maneuver ensues due
Distribute power between the to the power
Central Shaft two halves of the p . Available power
Torque . . transmission . .
Gearbox 7.15E-07 Fatigue All cross-shafting . reduced. Possible Critical 90.0% 100.0%
amongst disturbance. The . ) .
Shaft Breakage system and . aircraft instability.
Rotors electric motor power
unexpected rotor
N outputs should be
speed derivatives . .
readjusted to trim.
_— . The central shaft
Distribute Bearing creates . .
Toraue Central Bearin more vibration and transmits power less Available power
q Gearbox 4.29E-06 . g All . . efficiently among the | reduced. Possible Major 90.0% 100.0%
amongst Spalling spins with more . . . s
Shaft L. electric motor-rotor aircraft instability.
Rotors friction .
pairs.
Imminent sequential
Distribute Bearing carries component failures .
Torque Central Bearin Emergenc significantly less or such as central shaft Available power
9 Gearbox 4.26E-06 & gency & v . . . . reduced. Possible Critical 10.0% 100.0%
amongst Fracture maneuver no load and vibrates | dislocation which . . I
Shaft . . . aircraft instability.
Rotors violently isolates the electric
motors
Gear power
_ transmission More power
Distribute - . .
Toraue Central Teeth Emereenc efficiency goes down | generation becomes Available power
q Gearbox 2.52E-07 Surface gency due to more friction necessary to make up | reduced. Possible Major 85.0% 100.0%
amongst . maneuver . . . . . -
Rotors Bevel Gear Fatigue and the experienced | for the increase in aircraft instability.
vibration in inefficiency
operation increases
The broken tooth The electric motors
Distri h
TcIJSrtr:JbeUte Central Teeth Emergenc if::scri?sz,ijn ::ffhzorQZTc}i;n:?;e Available power
g Gearbox 2.526-07 | Overload gency e - . reduced. Possible Critical 5.0% | 100.0%
amongst maneuver efficiency. In efficiency to provide . ) L
Bevel Gear Fracture - . . aircraft instability.
Rotors addition, vibrations the same

increase.

performance
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F i Local Fail Eff N Higher Eff End Eff i Alph B
unction  Component Rate Mode Phase ocal Failure Effect ext Higher Effect nd Effect Severity pha eta
The broken tooth The electric motors
Distribut d th dt t .
Torque | CEMTe Teeth transmission for the reduction in | AVl12ble power
d Gearbox 2.52E-07 Fatigue All - - . reduced. Possible Critical 10.0% 100.0%
amongst efficiency. In efficiency to provide . ) .
Bevel Gear Fracture . . . aircraft instability.
Rotors addition, vibrations the same
increase. performance
The central gearbox
Gear power .
. transmits less power
Distribute transmission among the electric
Toraue Central Teeth Emergenc efficiency goes down motors due to the Available power
q Gearbox 3.48E-07 Surface gency due to more friction . reduced. Possible Major 85.0% 100.0%
amongst . . maneuver . decrease in the . . o
Auxiliary Fatigue and the experienced . , aircraft instability.
Rotors . . auxiliary gearbox's
vibration in S
S transmission
operation increases -
efficiency.
The broken tooth
Distribut d th Th .
Tc|>5r rIueu ) Central Teeth Emergenc 'Efa:scr:?ssic?n traer1§:1\i,::irc>n through Available power
9 Gearbox 3.48E-07 Overload gency - g. reduced. Possible Critical 5.0% 100.0%
amongst Auxiliar Fracture maneuver efficiency. In the central gearbox is aircraft instabilit
Rotors ¥ addition, vibrations less efficient Y.
increase.
The broken tooth
Distribut d th Th .
q Gearbox 3.48E-07 Fatigue All - g. reduced. Possible Critical 10.0% 100.0%
amongst Auxiliar Fracture efficiency. In the central gearbox is aircraft instabilit
Rotors ¥ addition, vibrations less efficient Y.
increase.
Not transmitting An unexpected
power between the maneuver ensues due
Distribute electric motor-rotor | to the power .
Torque Cross- Overload Emergenc combination and the | transmission Available power
9 Shafting 7.15€-07 gency , reduced. Possible Critical 10.0% | 100.0%
amongst Breakage maneuver central gearbox disturbance. The . . e
Shafts Lo . aircraft instability.
Rotors resulting in electric motor power

unexpected rotor
speed derivatives

outputs should be
readjusted to trim.
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. Failure Failure Mission . . .
Function Component Local Failure Effect Next Higher Effect End Effect Severity Alpha Beta
Rate Mode Phase
Not transmitting An unexpected
power between the maneuver ensues due
Distribute electric motor-rotor | to the power .
Torque Cross- Fatigue combination and the | transmission Available power
g Shafting 7.15E-07 & All ) reduced. Possible Critical 90.0% | 100.0%
amongst Breakage central gearbox disturbance. The . . e
Shafts Lo . aircraft instability.
Rotors resulting in electric motor power
unexpected rotor outputs should be
speed derivatives readjusted to trim.
The cross-shafting
. . system transmits
Distribute Bearing creates Y .I. .
Toraue Cross- Bearin more vibration and power less efficiently | Available power
q Shafting 4.29E-06 . & All . . to and from the reduced. Possible Major 90.0% 100.0%
amongst . Spalling spins with more . . I
Bearings L central gearbox due aircraft instability.
Rotors friction .
to the increased
friction
Imminent sequential
component failures
Distribute Bearing carries such as cross-shaft .
Torque Cross- Bearin Emergenc significantly less or dislocation which Available power
q Shafting 4.29E-06 & gency | sl vie . reduced. Possible Critical 10.0% | 100.0%
amongst . Fracture maneuver no load and vibrates | isolates the . . L
Bearings . . aircraft instability.
Rotors violently connected electric
motor from the other
electric motors
Gear power
_— transmission The electric motors
Distribute - .
Toraue Cross- Teeth Emereenc efficiency goes down | need to generate Available power
9 Shafting 2.52E-07 | Surface BENCY | Jue to more friction | more power to reduced. Possible Major 85.0% 100.0%
amongst . maneuver . . . . L
Rotors Bevel Gears Fatigue and the experienced | provide the same aircraft instability.
vibration in performance
operation increases
Distribute The broken tooth The same . .
Toraue Cross- Teeth Emergenc reduces the gear performance requires | Available power
9 Shafting 2.52E-07 Overload gency . 8 an increase in electric | reduced. Possible Critical 5.0% 100.0%
amongst maneuver efficiency and the . . .
Bevel Gears Fracture . . . motor power aircraft instability.
Rotors vibrations increase

generation
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. Failure Failure Mission . . .
Function Component Rate Mode Phase Local Failure Effect Next Higher Effect End Effect Severity Alpha Beta
Distribute The broken tooth The same . .
Toraue Cross- Teeth reduces the gear performance requires | Available power
9 Shafting 2.52E-07 Fatigue All . 8 an increase in electric | reduced. Possible Critical 10.0% 100.0%
amongst efficiency and the . ) .
Bevel Gears Fracture . . . motor power aircraft instability.
Rotors vibrations increase .
generation
Gear power
transmission More power is .
- . Available power
Transfer Reduction Teeth Emergenc efficiency goes down | necessary to spin the reduced. Possible
Torque to 4.23E-07 | Surface BENCY | Jue to more friction | rotor attached to the . N . Major 85.0% 100.0%
Gearbox . maneuver . aircraft instability.
Rotors Fatigue and the experienced | gearbox at the same .
. . . Range is reduced.
vibration in speed and pitch angle
operation increases
The broken tooth The same Available power
Transfer Reduction Teeth Emergenc reduces the gear erformance level reduced. Possible
Torque to 4.236-07 | Overload gency | & perte . cauced. Fossib Critical 5.0% | 100.0%
Gearbox maneuver efficiency and the requires an increase aircraft instability.
Rotors Fracture . . . . . .
vibrations increase in power generation Range is reduced.
The broken tooth The same Available power
Transfer Reduction Teeth reduces the gear erformance level reduced. Possible
Torque to 4.23E-07 Fatigue All . & P . . . N . Critical 10.0% 100.0%
Gearbox efficiency and the requires an increase aircraft instability.
Rotors Fracture . . . . . .
vibrations increase in power generation Range is reduced.
Gear power
transmission
C t - Th ired .
Elc;r::\tlreitr:al Motor Teeth Emergenc efficiency goes down foftﬁz\’::;;eaqj;iﬁar Available Power
Auxiliary 3.48E-07 Surface gency due to more friction v Reduced. Range is Major 85.0% 100.0%
Energy to . maneuver . system performance
Gearbox Fatigue and the experienced | . reduced.
Torque . L increases
vibration in
operation increases
el | Motor Teeth cmergency | resurostne gont | for the same auiiary | Avaeble Pover
Auxiliary 3.48E-07 | Overload gency - & Y| Reduced. Range is Critical 50% | 100.0%
Energy to maneuver efficiency and the system performance
Gearbox Fracture . . . . reduced.
Torque vibrations increase. increases
Emcincal | Motor Teeth fetucen e genr | for the same auitary | Avaiable Power
Auxiliary 3.48E-07 Fatigue All . 8 Y Reduced. Range is Critical 10.0% 100.0%
Energy to efficiency and the system performance
Gearbox Fracture . . . . reduced.
Torque vibrations increase. increases
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. Failure Failure Mission . . .
Function Component Rate Mode Phase Local Failure Effect Next Higher Effect End Effect Severity Alpha Beta
The remaining three Available power
Transfer Rotor Overload Emergenc The clutch fails to connected motors reduced. Possible
Torque to Overruning 4.23E-07 gency . N - Critical 5.0% 100.0%
Fracture maneuver engage must power the four aircraft instability.
Rotors Clutch .
rotors Range is reduced.
The remaining three Available power
Transfer Rotor Fatigue The clutch fails to connected motors reduced. Possible
Torque to Overruning 4.23E-07 g All . N . Critical 15.0% 100.0%
Fracture engage must power the four aircraft instability.
Rotors Clutch .
rotors Range is reduced.
Transfer Rotor The clutch efficienc The electric motor Available power
Torque to Overruning 4.23E-07 Degradation All is lower ¥ power generation reduced. Range is Critical 80.0% 100.0%
Rotors Clutch increases reduced.
The flight crew must
Provide Non- attempt an
Recoverable Turboshaft cannot . Aircraft descends
HV Power Failures rovide any power emergency landing to ground rapidl
toESC(to | Turboshaft | 6.48E-06 Al P yP within the time & PIEY- | Catastrophic | 10.0% | 100.0%
. (Surge, to the generator for . . Emergency
drive the . window provided by . .
Flameout, the rest of the flight . landing required.
motor) the capacity of the
FOD, etc.)
reserve battery
. The flight crew must If crew is unable
Provide
. attempt to recover or | to recover,
HV Power Recoverable The power provided try an emergenc aircraft descends
to ESC (to Turboshaft 6.48E-06 . All by the turboshaft is y . .g i . Catastrophic | 90.0% 100.0%
. Failures . landing while the to ground rapidly.
drive the lost temporarily -
battery power is still Emergency
motor) . . .
available. landing required.
The flight crew must
Provide HVDC pgwer attempt an . Aircraft descends
HV Power Generator generation stops, emergency landing to eround rapid|
to ESC(to | Generator | 4.30E-06 : All aircraft switchesto | within the time & PIAY- | Catastrophic | 100.0% | 100.0%
. Failure . . Emergency
drive the HVDC battery window provided by landing required
motor) power. the capacity of the greq ’
reserve battery
Control Collective Rotor pitch differs If FCC is not able to
Rotor Actuators 5.50E-05 Bias All from desired compensate for error, | Loss of control. Catastrophic | 25.0% 100.0%
Pitch position. aircraft loses control.
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F i Local Fail Eff N Higher Eff End Eff i Alph B
unction Component Rate Mode Phase ocal Failure Effect ext Higher Effect nd Effect Severity pha eta

Control

Collecti Stuck Unable to ch L f control i .
Rotor otective 5.50E-05 ue All na e. O change .oss.o controtis Loss of control. Catastrophic | 15.0% 100.0%
pitch Actuators Surface rotor pitch. inevitable.
Control

Collecti Rotor pitch is stuck L f control i
Rotor olective 5.50E-05 Hardover All otor pitch Is Stuc _oss.o controtis Loss of control. Catastrophic | 10.0% 100.0%
. Actuators at one extreme inevitable.
Pitch
Control Collective Floatin Unable to control Loss of control is
Rotor 5.50E-05 e All . L Loss of control. Catastrophic | 20.0% 100.0%
pitch Actuators Surface rotor pitch inevitable.
Control Collective Rotor pitch changes Loss of control is
Rotor 5.50E-05 Oscillations All . P g o Loss of control. Catastrophic | 10.0% 100.0%
. Actuators erratically. inevitable.
Pitch
Control Collective Increased Reduced range of Aircraft maneuverin Possible aircraft
Rotor 5.50E-05 All ' rang Vering | Tossibie Critical 20.0% | 100.0%
pitch Actuators Deadband motor pitch. becomes sluggish. instability
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Appendix B - Table 3: Quadcopter Turboshaft FMECA

. Failure . Mission . . .
Function Component Rate Failure Mode Phase Local Failure Effect Next Higher Effect End Effect Severity Alpha Beta
Provide LV LV Batter Loss of function of No control signals Loss of control.
Power for LV Battery 1.01E-06 . ¥ All provided to actuators | Aircraft descends Catastrophic 100% 100.0%
Fail FCC.
FCC and Turboshaft. to ground.
Not transmitting
?;S:nub:te Central Shaft Emergenc :)c?tvc\)lfsr :; E:Z two Catastrophic failure Loss of control.
q Gearbox 7.15E-07 | Overload gency o due to two Aircraft descends Catastrophic 10.0% | 100.0%
amongst maneuver opposite side of the
Shaft Breakage ) unpowered rotors to ground.
Rotors gas turbines on the
shaft
Not transmitting
_I?cl)S:rLb:te Central Shaft Fatigue fgtvgfsr :; t:z two Catastrophic failure Loss of control.
q Gearbox 7.15E-07 g All o due to two Aircraft descends Catastrophic | 90.0% | 100.0%
amongst Breakage opposite side of the
Shaft . unpowered rotors to ground.
Rotors gas turbines on the
shaft
Distribute Bearing creates More gas turbl'ne . .
Torque Central Bearin more vibration and power generation is Available power
q Gearbox 4.29E-06 . & All . . necessary to provide reduced. Possible Major 90.0% | 100.0%
amongst Spalling spins with more . ) .
Shaft . the same aircraft instability.
Rotors friction
performance
Imminent subsequent
Distribute Central Bearing carries component failure Emergency landing
T Beari E ignifi ly | lik | shaf ired. Aircraf
orque Gearbox 4.26E-06 earing mergency significantly e.ss or |. e cent.ra S a. t required. Aircraft Catastrophic 10.0% 100.0%
amongst Shaft Fracture maneuver no load and vibrates | dislocation which may | descends to
Rotors violently lead to loss of power ground quickly.
for every rotor
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Fail Missi
Function Component :;ltj‘:e Failure Mode P';::“ Local Failure Effect Next Higher Effect End Effect Severity Alpha Beta
Gear power
- transmission The power production
Distribute - . . .
Toraue Central Teeth Surface Emergenc efficiency goes down | in the gas turbines Available power
9 Gearbox 2.52E-07 . gency due to more friction increases to make up reduced. Possible Major 85.0% | 100.0%
amongst Fatigue maneuver . . . . . .
Rotors Bevel Gear and the experienced | for the increase inthe | aircraft instability.
vibration in transmission loss
operation increases
A The broken tooth .
Distribute € broken too Gas turbine power .
Toraue Central Teeth Emergenc reduces the roduction increases Available power
q Gearbox 2.52E-07 | Overload gency transmission P . reduced. Possible Critical 5.0% 100.0%
amongst maneuver . to mitigate the effects . . e
Bevel Gear Fracture efficiency and - aircraft instability.
Rotors . ) . of the efficiency drop
vibrations increase
A The broken tooth .
Distribute € broken too Gas turbine power .
Torque Central Teeth Fatigue reduces the roduction increases Available power
9 Gearbox 2.52E-07 g All transmission P i, reduced. Possible Critical 10.0% | 100.0%
amongst Fracture . to mitigate the effects . . e
Bevel Gear efficiency and . aircraft instability.
Rotors . . . of the efficiency drop
vibrations increase
Gear power .
o The gas turbines
i transmission
Distribute - generate more power .
Torque Central Teeth Surface Emergenc efficiency goes down to compensate the Available power
q Gearbox 3.48E-07 . BENY 1 due to more friction . P reduced. Possible Major 85.0% | 100.0%
amongst . Fatigue maneuver . drop in the . . e
Auxiliary and the experienced . aircraft instability.
Rotors . L transmission
vibration in -
S efficiency
operation increases
_— The broken tooth Power supplied to the
Distribute I .
Toraue Central Teeth Emereenc can reduce the auxiliary gearbox Available power
q Gearbox 3.48E-07 | Overload gency transmission increases to keep the reduced. Possible Critical 5.0% 100.0%
amongst - maneuver - . . . -
Rotors Auxiliary Fracture efficiency and auxiliary systems aircraft instability.

vibrations increase

operating
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Fail Missi
Function Component :;ltj‘:e Failure Mode P';::“ Local Failure Effect Next Higher Effect End Effect Severity Alpha Beta
. The broken tooth Power supplied to the
Distribute I .
Toraue Central Teeth Fatigue can reduce the auxiliary gearbox Available power
q Gearbox 3.48E-07 g All transmission increases to keep the reduced. Possible Critical 10.0% | 100.0%
amongst . Fracture - " . . s
Rotors Auxiliary efficiency and auxiliary systems aircraft instability.
vibrations increase operating
Distribut P t issi
T(I')Sr ”ueu € Cross- Overload Emereenc t;)\t/\r/sr;?;\rsmlssmn Catastrophic failure Loss of control.
q Shafting 7.15E-07 gency due to an unpowered | Aircraft descends Catastrophic 10.0% | 100.0%
amongst Breakage maneuver connected to the
Shafts . rotor to ground.
Rotors failed shaft stops
Distribut P t issi . .
Tcl>sr rlueu € Cross- Fatieue ts:\}lgr;:g:mlssmn Catastrophic failure Loss of control.
q Shafting 7.15E-07 & All due to an unpowered | Aircraft descends Catastrophic | 90.0% | 100.0%
amongst Shafts Breakage connected to the rotor to eround
Rotors failed shaft stops g ’
The gas turbines
Distribute Bearing creates generate more power .
Torque Cross- Bearin more vibration and to compensate the Available power
q Shafting 4.29E-06 ing All orevi mp reduced. Possible Maijor 90.0% | 100.0%
amongst . Spalling spins with more drop in the . . I
Bearings L L aircraft instability.
Rotors friction transmission
efficiency
Imminent subsequent
component failures
Distribute Cross- Bearing carries like cross-shaft Emergency landing
T Beari E ignifi ly | isl i hich ired. Aircraf
orque Shafting 4.29E-06 earing mergency significantly e.ss or dislocation whic required. Aircraft Catastrophic 10.0% 100.0%
amongst Bearings Fracture maneuver no load and vibrates | prevents power descends to
Rotors & violently transmission to a ground quickly.
rotor and cause a
catastrophic failure
Gear power .
. The gas turbines
i transmission
Distribute - generate more power .
Torque Cross- Teeth Surface Emergenc efficiency goes down to compensate the Available power
9 Shafting 2.52E-07 . gency due to more friction . P reduced. Possible Major 85.0% | 100.0%
amongst Fatigue maneuver . drop in the . ) I
Bevel Gears and the experienced - aircraft instability.
Rotors . L transmission
vibration in -
efficiency

operation increases
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Fail Missi
Function Component :;ltj‘:e Failure Mode P';::“ Local Failure Effect Next Higher Effect End Effect Severity Alpha Beta
Toraue | Cros Teeth cmergency | reduces thegont | gomesate more power | Avaiable power
q Shafting 2.52E-07 | Overload gency | & generat P reduced. Possible Critical 5.0% | 100.0%
amongst maneuver efficiency and the to provide the same . . s
Bevel Gears Fracture . ) . aircraft instability.
Rotors vibrations increase performance
Distribute The broken tooth The gas turbines .
Torque Cross- Teeth Fatigue reduces the gear enerate more power Available power
q Shafting 2.52E-07 g All u g & ; P reduced. Possible Critical 10.0% | 100.0%
amongst Fracture efficiency and the to provide the same . ) .
Bevel Gears . . - aircraft instability.
Rotors vibrations increase performance
Gear power
transmission The gas turbines .
Transfer efficiency goes down | generate more power Available power
R i Teeth f; E L. . Possibl .
Torque to eduction 4.23E-07 ee.t Surface mergency due to more friction to make up for the rgducec{ oss!t? N Major 85.0% | 100.0%
Gearbox Fatigue maneuver . . aircraft instability.
Rotors and the experienced | transmission .
. L - Range is reduced.
vibration in efficiency loss
operation increases
Th turbi .
The broken tooth © gas tr |ne? Available power
Transfer Reduction Teeth Emergenc reduces the gear power generation reduced. Possible
Torque to 4.23E-07 | Overload gency - & increases to provide . N o Critical 5.0% 100.0%
Gearbox maneuver efficiency and the aircraft instability.
Rotors Fracture . . . the same .
vibrations increase Range is reduced.
performance
Th i .
The broken tooth € gas turblng Available power
Transfer Reduction Teeth Fatigue reduces the gear power generation reduced. Possible
Torque to 4.23E-07 g All . & increases to provide . N . Critical 10.0% 100.0%
Gearbox Fracture efficiency and the aircraft instability.
Rotors . . . the same .
vibrations increase Range is reduced.
performance
- Available power
Transfer Turboshaft Overload Emergenc The clutch fails to The remaining gas reduced
Torque to Overruning 4.23E-07 Fracture manfuve:/ engage turbine needs to Emer er;c landin Catastrophic 5.0% 100.0%
Rotors Clutch gag power all of the rotors gency &

may be required.
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Fail Missi
Function Component :;ltj‘:e Failure Mode P';::“ Local Failure Effect Next Higher Effect End Effect Severity Alpha Beta
Transfer Turboshaft Fatieue The clutch fails to The remaining gas f;;;l::(lje power
Torque to Overruning 4.23E-07 g All turbine needs to ’ . Catastrophic 15.0% | 100.0%
Fracture engage Emergency landing
Rotors Clutch power all of the rotors .
may be required.
The power
transmission
Transfer Turboshaft :r:ltccls?scro?/:;r;d Tzsegrzst;ur:z:ees ower Available power
Torque to Overruning 4.23E-07 | Degradation All & . P reduced. Range s Critical 80.0% | 100.0%
the clutch to provide the same
Rotors Clutch . reduced.
experiences more performance
heat generation due
to the degradation.
Non- The failed turboshaft The ﬂlght c.rew must
; determine if an .
Recoverable cannot provide any L Available power
Generate Failures ower to the emergency landing is reduced
Mechanical | Turboshaft 6.48E-06 All P . necessary or it is ) . Catastrophic 10.0% | 100.0%
(Surge, mechanical . . Emergency landing
Power . possible to continue .
Flameout, powertrain for the . . may be required.
. the mission with one
FOD, etc.) rest of the flight .
engine
The flight continues
with limited available .
. If crew is unable to
. power. The flight )
The power provided . recover, aircraft
Generate Recoverable by the failed crew must determine descends to
Mechanical | Turboshaft 6.48E-06 . All ¥ . if an emergency . Catastrophic | 90.0% | 100.0%
Failures turboshaft is lost L ground rapidly.
Power A landing is necessary .
temporarily L . Emergency landing
or it is possible to .
. . may be required.
continue the mission
with one engine.
Control Collective Rotor pitch differs If FCC is not able to
. 5.50E-05 | Bias All from desired compensate for error, | Loss of control. Catastrophic | 25.0% | 100.0%
Rotor Pitch | Actuators - .
position. aircraft loses control.
Control Collecti Unable to ch L f control i .
on ro. olective 5.50E-05 | Stuck Surface All na e. 0 change ,OSS.O controtis Loss of control. Catastrophic | 15.0% | 100.0%
Rotor Pitch | Actuators rotor pitch. inevitable.
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Fail Missi

Function Component :;ltj‘:e Failure Mode P';::“ Local Failure Effect Next Higher Effect End Effect Severity Alpha Beta
Control Collecti Rotor pitch is stuck L f control i .

on ro. olective 5.50E-05 | Hardover All otor pitch s stuc .oss.o controtis Loss of control. Catastrophic 10.0% | 100.0%
Rotor Pitch | Actuators at one extreme inevitable.
Control Collecti Floati Unable t trol L f control i .

on ro. olective 5.50E-05 oating All na e. o contro .oss.o controtis Loss of control. Catastrophic | 20.0% | 100.0%
Rotor Pitch | Actuators Surface rotor pitch inevitable.
Control Collecti . Rotor pitch ch L f control i .

on ro. olective 5.50E-05 | Oscillations All ° °f pitch changes .oss.o controtis Loss of control. Catastrophic 10.0% | 100.0%
Rotor Pitch | Actuators erratically. inevitable.
Control‘ Collective 5 50E-05 Increased Al Reduceq range of Aircraft maneu.vermg ‘Posmbllg aircraft Critical 20.0% | 100.0%
Rotor Pitch | Actuators Deadband motor pitch. becomes sluggish. instability

182




March 2021 Final Report, Reliability and Safety Assessment of Urban Air Mobility Concept Vehicles, Contract No. 80ARC020F0055, GTRI Document

No. D9015A001R2, April 2021

Appendix B - Table 4: Hexacopter Collective-control FMECA

Fail Missi
Function Component :'a:;e Failure Mode P::Is(:_\n Local Failure Effect Next Higher Effect End Effect Severity Alpha Beta
Convert . Rotor experiences .
HVDC Electronic ESC High torque oscillations, In | ~Vilable power
Speed 8.08E-06 & All Rotor Torque Ripple q ' reduced. Possible Critical 20% | 100.0%
Power for Voltage extreme cases, rotor . . .
Controller . aircraft instability.
Motors may be switched off.
Rotor experiences
torque oscillations.
Convert Current draw from
HVDC Electronic ESC the battery is Reduced aircraft
Speed 8.08E-06 All High Torque Ripple increased. Possible range. Possible Critical 20% 100.0%
Power for Overcurrent . . .
Controller battery thermal aircraft instability.
Motors
runaway. In extreme
cases, rotor may be
switched off.
Convert . Rotor experiences .
HVDC Electronic ESC Voltage torque oscillations. In Available power
Speed 8.08E-06 . € All Rotor Torque Ripple q ) reduced. Possible Critical 10% 100.0%
Power for Transient extreme cases, rotor . . .
Controller . aircraft instability.
Motors may be switched off.
E'c\)/rlgvce r Electronic ESC S:rtoureezi);“ae;giss In Reduced aircraft
Speed 8.08E-06 . . All High Torque Ripple d ) range. Possible Critical 10% 100.0%
Power for Controller Vibrations extreme cases, rotor aircraft instabilit
Motors may be switched off. v
El?/gvcert Electronic Manufacturin S:rtotreez‘s);:;ae;giss In Available power
Speed 8.08E-06 All Rotor Torque Ripple d ’ reduced. Possible Critical 7% 100.0%
Power for g Defects extreme cases, rotor . . L
Controller . aircraft instability.
Motors may be switched off.
ﬁi)/gv(?rt Electronic ESC Current tR:rtoureez‘s);“ae;Ziss In Available power
Speed 8.08E-06 All Rotor Torque Ripple q ) reduced. Possible Critical 2% 100.0%
Power for Controller Sensor Fault extreme cases, rotor aircraft instabilit
Motors may be switched off. v
Convert . Rotor experiences .
HVDC Electronic ESC Resolver torque oscillations. In Available power
Speed 8.08E-06 All Rotor Torque Ripple d ’ reduced. Possible Critical 2% 100.0%
Power for Controller Fault extreme cases, rotor aircraft instabilit
Motors may be switched off. v
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Fail Missi
Function Component :;ltj‘:e Failure Mode P';::“ Local Failure Effect Next Higher Effect End Effect Severity Alpha Beta
Available power
Convert . Rotor fails, aircraft reduced. Limited
HVDC Electronic ESC ESC fails, motor becomes unbalanced. | flight envelope
Speed 8.08E-06 | Temperature All ! ’ & pe. Critical 2% 100.0%
Power for . produces no torque FCC may be able to Emergency
Controller Sensor Fail .
Motors compensate. landing may be
required.
Available power
Convert Electronic Rotor fails, aircraft reduced. Limited
HVDC ESC High ESC fails, motor becomes unbalanced. | flight envelope. "
Speed 8.08E-06 's All ! u 'ght envelop Critical 27% | 40.0%
Power for Temperature produces no torque FCC may be able to Emergency
Controller !
Motors compensate. landing may be
required.
Available power
Convert Electronic Rotor fails, aircraft reduced. Limited
HVDC ESC High becomes unbalanced. | flight envelope. .
Speed 8.08E-06 's All Rotor Low Torque u 'ght envelop Critical 27% | 30.0%
Power for Temperature FCC may be able to Emergency
Controller .
Motors compensate. landing may be
required.
e e | Attt poe
Speed 8.08E-06 g All Rotor Torque Ripple q ’ reduced. Possible Critical 27% 30.0%
Power for Temperature extreme cases, rotor . . L
Controller . aircraft instability.
Motors may be switched off.
Convert Rotor experiences Available power
HVDC Electric 5.10E-06 Motor High All Motor Short Circuit torque oscillations. In reduced. Possible Critical 6% 100.0%
Power to Motor Voltage extreme cases, rotor aircraft instabilit
Torque may be switched off. v
Convert Rotor experiences .
HVDC Electric Motor torque oscillations. In Available power
5.10E-06 All Motor Short Circuit d ’ reduced. Possible Critical 6% 20.0%
Power to Motor Overcurrent extreme cases, rotor aircraft instabilit
Torque may be switched off. v
Convert Rotor experiences .
HVDC Electric Motor torque oscillations. In Available power
5.10E-06 All Rotor Torque Ripple q ’ reduced. Possible Critical 6% 10.0%
Power to Motor Overcurrent extreme cases, rotor . . .
. aircraft instability.
Torque may be switched off.
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Fail Missi
Function Component :;ltj‘:e Failure Mode P';ZIS‘:\“ Local Failure Effect Next Higher Effect End Effect Severity Alpha Beta
Available power
Convert Aircraft becomes reduced. Limited
HVDC Electri Mot bal d. FCC flight | . -
ectric 5.10E-06 otor All Low/No Torque unbatance may It envelope Critical 6% 60.0%
Power to Motor Overcurrent be able to Emergency
Torque compensate. landing may be
required.
fl(\)/nDVCert Electric Motor Rotor Low Torque; 'E{;rtotreec);?:i“aezziss In Available power
5.10E-06 | Voltage All . ques 9 ’ reduced. Possible Critical 3% 100.0%
Power to Motor - Torque Ripple extreme cases, rotor . . L
Transient . aircraft instability.
Torque may be switched off.
Available power
Convert Aircraft becomes reduced. Limited
HVDC Electric 5 10E-06 Motor N Al Rotor Low/No unbalanced. FCC may | flight envelope. Critical 0% 100.0%
Power to Motor Eccentricity Torque; be able to Emergency
Torque compensate. landing may be
required.
Available power
Convert Aircraft becomes reduced. Limited
HVDC Electric 5 10E-06 Mf)tor Shaft Al Rotor Low/No unbalanced. FCC may | flight envelope. Critical 0% 100.0%
Power to Motor Failure Torque; be able to Emergency
Torque compensate. landing may be
required.
Available power
Convert Rotor fails, aircraft reduced. Limited
HVDC Electric Motor High becomes unbalanced. | flight envelope. .
5.10E-06 All Rotor No Torque Critical 84% 50.0%
Power to Motor Temperature r qu FCC may be able to Emergency e ? ’
Torque compensate. landing may be
required.
Convert Rotor experiences Available power
HVDC Electric 5.10E-06 Motor High All Rotor Short Circuit torque oscillations. In reduced. Possible Critical 84% 20.0%
Power to Motor Temperature extreme cases, rotor . . e
. aircraft instability.
Torque may be switched off.
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Fail Missi
Function Component :;ltj‘:e Failure Mode P';ZIS‘:\“ Local Failure Effect Next Higher Effect End Effect Severity Alpha Beta
Available power
Convert Rotor fails, aircraft reduced. Limited
HVDC Electric Motor High becomes unbalanced. | flight envelope. . o o
Power to Motor >-10E-06 Temperature Al Rotor Low Torque FCC may be able to Emergency Critical 84% 30.0%
Torque compensate. landing may be
required.
. Loss of all
Provide No torque produced .
LvDC LV Battery Loss of function of by all ESC, No control propulsion and
LV Battery 1.01E-06 . All . - control. Aircraft Catastrophic 100% 100.0%
Power for Fail FCC and all ESC signals provided to
descends to
Control actuators
ground.
Available power
Provide Battery Aircraft becomes reduced. Limited
HVDC HV Battery 8.076-06 | Current All Low/No Torque for unbalanced. FCC may | flight envelope. Critical 22% 100.0%
Power for the connected rotor be able to Emergency
Sensor Fault .
Motors compensate. landing may be
required.
Available power
Provide Battery Aircraft becomes reduced. Limited
HVD Low/No T f | .F fligh lope. -,
¢ HV Battery | 8.07E-06 | Voltage All ow/No Torque for unbalanced. FCC may | flight envelope Critical 22% | 100.0%
Power for the connected rotor be able to Emergency
Sensor Fault .
Motors compensate. landing may be
required.
Available power
Provide Aircraft becomes reduced. Limited
HVDC Battery Low/No Torque for unbalanced. FCC may | flight envelope
HV Battery 8.07E-06 | Temperature All ' ’ Critical 22% 100.0%
Power for the connected rotor be able to Emergency
Sensor Fault .
Motors compensate. landing may be
required.
Available power
Provide Battery Aircraft becomes reduced. Limited
HVDC L NoT f bal d. FCC flight | . -
HV Battery 8.07E-06 | External All ow/No Torque for unbalance may 'ght envelope Critical 6% 100.0%
Power for I the connected rotor be able to Emergency
Short Circuit .
Motors compensate. landing may be
required.

186




March 2021 Final Report, Reliability and Safety Assessment of Urban Air Mobility Concept Vehicles, Contract No. 80ARC020F0055, GTRI Document

No. D9015A001R2, April 2021

Fail Missi
Function Component :;ltj‘:e Failure Mode P';::“ Local Failure Effect Next Higher Effect End Effect Severity Alpha Beta
Available power
Provide Battery Aircraft becomes reduced. Limited
HVDC HV Battery 8.07E-06 | Physical Al Low/No Torque for unbalanced. FCC may | flight envelope. Critical 4% 100.0%
Power for Damage the connected rotor be able to Emergency
Motors & compensate. landing may be
required.
Available power
Provide Battery Aircraft becomes reduced. Limited
HVDC HV Battery | 8.07E-06 | Manufacturin All Low/No Torque for | unbalanced. FCCmay | flight envelope. Critical 12% | 100.0%
Power for the connected rotor be able to Emergency
g Defects .
Motors compensate. landing may be
required.
Available power
Provide Battery Aircraft becomes reduced. Limited
HVDC HV Battery 3.076-06 | External Al Low/No Torque for unbalanced. FCC may | flight envelope. Critical 129% 100.0%
Power for . the connected rotor be able to Emergency
Overheating .
Motors compensate. landing may be
required.
Available power
Provide Aircraft becomes reduced. Limited
HVDC HV Battery Battery Low/No Torque for unbalanced. FCC may | flight envelope
. 4.30E-06 | Cooling All ' ’ Critical 100% 100.0%
Power for Cooling . the connected rotor be able to Emergency
Failure .
Motors compensate. landing may be
required.
Available power
— . Rotor fails, aircraft reduced. Limited
Distribute Electric Fuse High No Torque for the becomes unbalanced. | flight envelope
HVDC Distribution | 5.96E-08 € Al d S| Te pe. Critical | 40.0% | 70.0%
Temperature connected rotor FCC may be able to Emergency
Power System .
compensate. landing may be
required.
Available power
Distribute Electric Aircraft becomes reduced. Limited
HVDC Distribution | 5.96E-08 Fuse High Al High Torque for the unbalanced. FCC may | flight envelope. Critical 40.0% 30.0%
Temperature connected rotor be able to Emergency
Power System .
compensate. landing may be
required.
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Fail Missi
Function Component :;ltj‘:e Failure Mode P';::“ Local Failure Effect Next Higher Effect End Effect Severity Alpha Beta
Available power
R . Rotor fails, aircraft reduced. Limited
Distribute Electric Fuse No Torque for the becomes unbalanced. | flight envelope
HVDC Distribution | 4.47E-08 All N R pe- Critical 30.0% | 70.0%
Overcurrent connected rotor FCC may be able to Emergency
Power System .
compensate. landing may be
required.
Available power
Distribute Electric Aircraft becomes reduced. Limited
HVDC Distribution | 4.47E-08 Fuse All High Torque for the unbalanced. FCC may | flight envelope. Critical 30.0% 30.0%
Overcurrent connected rotor be able to Emergency
Power System .
compensate. landing may be
required.
Available power
- . Rotor fails, aircraft reduced. Limited
Distribute Electric Fuse High No Torque for the becomes unbalanced. | flight envelope
HVDC Distribution | 4.47E-08 g All N S| TE pe- Critical 30.0% | 70.0%
Voltage connected rotor FCC may be able to Emergency
Power System .
compensate. landing may be
required.
Available power
_— . Aircraft becomes reduced. Limited
Distribute Electric Fuse High High Torque for the unbalanced. FCC ma flight envelope
HVDC Distribution | 4.47E-08 g Al gn “ord ' o Te pe. Critical | 30.0% | 30.0%
Voltage connected rotor be able to Emergency
Power System .
compensate. landing may be
required.
Available power
— . Rotor fails, aircraft reduced. Limited
Distribute Electric Contactor No Torque for the becomes unbalanced. | flight envelope
HVDC Distribution | 5.96€-08 | High Al d S| Te pe. Critical | 40.0% | 70.0%
connected rotor FCC may be able to Emergency
Power System Temperature .
compensate. landing may be
required.
Available power
Distribute Electric Contactor High Torque for the ﬁ:t::l]afagsso;ncecsma ;ﬁd:'fg:;/:l?lteed
HVDC Distribution | 5.96E-08 | High All gh forq : v e pe. Critical 40.0% | 30.0%
connected rotor be able to Emergency
Power System Temperature .
compensate. landing may be
required.
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Fail Missi
Function Component :;ltj‘:e Failure Mode P';::“ Local Failure Effect Next Higher Effect End Effect Severity Alpha Beta
Available power
. . Rotor fails, aircraft reduced. Limited
Distribute Electric Contactor No Torque for the becomes unbalanced flight envelope
HVDC Distribution | 4.47E-08 All N R pe- Critical 30.0% | 70.0%
Overcurrent connected rotor FCC may be able to Emergency
Power System .
compensate. landing may be
required.
Available power
Distribute Electric Aircraft becomes reduced. Limited
HVDC Distribution | 4.47E-08 Contactor All High Torque for the unbalanced. FCC may | flight envelope. Critical 30.0% 30.0%
Overcurrent connected rotor be able to Emergency
Power System .
compensate. landing may be
required.
Available power
- . Rotor fails, aircraft reduced. Limited
Distribute Electric Contactor No Torque for the becomes unbalanced. | flight envelope
HVDC Distribution | 4.47E-08 | Al N R pe. Critical 30.0% | 70.0%
High Voltage connected rotor FCC may be able to Emergency
Power System .
compensate. landing may be
required.
Available power
_— . Aircraft becomes reduced. Limited
Distribute Electric Contactor High Torque for the unbalanced. FCC ma flight envelope
HVDC Distribution | 4.47E-08 | All gh Torq : v e pe- Critical 30.0% | 30.0%
High Voltage connected rotor be able to Emergency
Power System .
compensate. landing may be
required.
Available power
— . Rotor fails, aircraft reduced. Limited
Distribute Electric Connection No Torque for the becomes unbalanced flight envelope
HVDC Distribution | 1.39E-07 | ~° All N R pe- Critical 100.0% | 70.0%
Failure connected rotor FCC may be able to Emergency
Power System .
compensate. landing may be
required.
Available power
. . Aircraft becomes reduced. Limited
Distribute Electric Connection High Torque for the unbalanced. FCC ma flight envelope
HVDC Distribution | 1.39E-07 | ~° All gh Torq ' o e pe. Critical | 100.0% | 30.0%
Failure connected rotor be able to Emergency
Power System .
compensate. landing may be
required.
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Fail Missi
Function Component :;ltj‘:e Failure Mode P';::“ Local Failure Effect Next Higher Effect End Effect Severity Alpha Beta
Gear power
transmission More power is .
Transfer efficiency goes down necessary to spin the Available power
Reducti Teeth Surf E . duced. Possibl .
Torque to eduction 4.23E-07 ee. urtace mergency due to more friction rotor attached to the rg uee . oss! . N Major 85.0% 100.0%
Gearbox Fatigue maneuver . aircraft instability.
Rotors and the experienced gearbox at the same .
. L . . Range is reduced.
vibration in operation | speed and pitch angle
increases
The broken tooth The same Available power
Transfer Reduction Teeth Emergenc reduces the gear erformance level reduced. Possible
Torque to 4.23E-07 | Overload gency . & P . . ) N o Critical 5.0% 100.0%
Gearbox maneuver | efficiency and the requires an increase aircraft instability.
Rotors Fracture . . . . . .
vibrations increase in power generation Range is reduced.
The broken tooth The same Available power
Transfer Reduction Teeth Fatigue reduces the gear erformance level reduced. Possible
Torque to 4.23E-07 g All u & perto . . " POssID Critical 10.0% | 100.0%
Rotors Gearbox Fracture efficiency and the requires an increase aircraft instability.
vibrations increase in power generation Range is reduced.
Gear power
transmission The power required
Drive Rotor | Motor Teeth Surface | Emergenc efficiency goes down for tEe same :\quiliar Available Power
Accessorie | Auxiliary 3.48E-07 : BENY | due to more friction Y| Reduced. Range is Major 85.0% | 100.0%
Fatigue maneuver . system performance
s Gearbox and the experienced . reduced.
. L . increases
vibration in operation
increases
. The broken tooth Th ired .
Drive Rotor | Motor Teeth Emergency | reduces the gear | for the same auxiiary | AV2iable Power
Accessorie | Auxiliary 3.48E-07 | Overload gency . & Y | Reduced. Range is Critical 5.0% 100.0%
maneuver | efficiency and the system performance
s Gearbox Fracture reduced.

vibrations increase.

increases
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Fail Missi
Function Component :;ltj‘:e Failure Mode P';::“ Local Failure Effect Next Higher Effect End Effect Severity Alpha Beta
Drive Rotor | Motor Teeth Fatigue eturostoe gont | for the samo auiary | Avalable Power
Accessorie | Auxiliary 3.48E-07 € All . & Y| Reduced. Range is Critical 10.0% 100.0%
Fracture efficiency and the system performance
s Gearbox . ) . . reduced.
vibrations increase. increases
The remaining three Available power
Transfer Rotor Overload Emergenc The clutch fails to connected motors reduced. Possible
Torque to Overruning 4.23E-07 gency . N o Critical 5.0% 100.0%
Fracture maneuver | engage must power the four aircraft instability.
Rotors Clutch .
rotors Range is reduced.
The remaining three Available power
Transfer Rotor Fatigue The clutch fails to connected motors reduced. Possible
Torque to Overruning 4.23E-07 g All . N o Critical 15.0% 100.0%
Fracture engage must power the four aircraft instability.
Rotors Clutch .
rotors Range is reduced.
Transfer Rotor The clutch efficienc The electric motor Available power
Torque to Overruning 4.23E-07 | Degradation All is lower ¥ power generation reduced. Range is Critical 80.0% 100.0%
Rotors Clutch increases reduced.
If FCC is not able to
Control Collecti . Rotor pitch diff .
on ro. olective 5.50E-05 | Bias All otor pi c ! er.s' compensate for error, | Loss of control. Catastrophic | 25.0% 100.0%
Rotor Pitch | Actuators from desired position. .
aircraft loses control.
Control Collecti Unable to ch L f control i .
on ro. orective 5.50E-05 | Stuck Surface All na e. o change .OSS.O controtis Loss of control. Catastrophic | 15.0% | 100.0%
Rotor Pitch | Actuators rotor pitch. inevitable.
Control Collecti Rotor pitch is stuck at | L f control i .
on ro. orective 5.50E-05 | Hardover All otorpitch Is stiek a .OSS.O controtis Loss of control. Catastrophic | 10.0% | 100.0%
Rotor Pitch | Actuators one extreme inevitable.
| llecti Floati | | L f li .
contro . Collective 5.50E-05 oating All Unab e.to contro .OSS.O controlis Loss of control. Catastrophic | 20.0% | 100.0%
Rotor Pitch | Actuators Surface rotor pitch inevitable.
Control Collecti S Rotor pitch ch L f control i .
on ro. olective 5.50E-05 | Oscillations All © Ol_F pIen changes .OSS.O controtis Loss of control. Catastrophic | 10.0% 100.0%
Rotor Pitch | Actuators erratically. inevitable.
Control Collective Increased Reduced range of Aircraft maneuvering | Possible aircraft .
. 5.50E-05 All . . . - Critical 20.0% 100.0%
Rotor Pitch | Actuators Deadband motor pitch. becomes sluggish. instability ritica ? ?
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Appendix B - Table 5: Hexacopter RPM-control FMECA

. Failure . Mission . . .
Function Component Rate Failure Mode Phase Local Failure Effect Next Higher Effect End Effect Severity Alpha Beta
Elocincal | Elecronic esc High toraue osclations n | Available power
Speed 8.08E-06 e All Rotor Torque Ripple 9 ’ reduced. Possible Critical 20% 100.0%
Energy to Voltage extreme cases, rotor . . L
Controller . aircraft instability.
Torque may be switched off.
Rotor experiences
torque oscillations.
Convert Current draw from
Electrical Electronic ESC the battery is Reduced aircraft
Speed 8.08E-06 All High Torque Ripple increased. Possible range. Possible Critical 20% 100.0%
Energy to Overcurrent . . .
Toraue Controller battery thermal aircraft instability.
q runaway. In extreme
cases, rotor may be
switched off.
Convert . Rotor experiences .
Electrical Electronic ESC Voltage torque oscillations. In Available power
Speed 8.08E-06 oltag All Rotor Torque Ripple q : reduced. Possible Critical 10% 100.0%
Energy to Transient extreme cases, rotor . . .
Controller . aircraft instability.
Torque may be switched off.
R -
el | Electronic esc torque oucltions.n | Reduced arcraft
Speed 8.08E-06 ) . All High Torque Ripple 9 ’ range. Possible Critical 10% 100.0%
Energy to Vibrations extreme cases, rotor . ) .
Controller . aircraft instability.
Torque may be switched off.
(E:Ic;:\t/:?al Electronic Manufacturin S:rtol:eezi)ceiﬂzzgiss In Available power
Speed 8.08E-06 All Rotor Torque Ripple q ’ reduced. Possible Critical 7% 100.0%
Energy to g Defects extreme cases, rotor . . L
Controller . aircraft instability.
Torque may be switched off.
R -
Elc::tlreiztal Electronic ESC Current tsrtotreec);‘s);:;:;gii In Available power
Speed 8.08E-06 All Rotor Torque Ripple d ’ reduced. Possible Critical 2% 100.0%
Energy to Sensor Fault extreme cases, rotor . . s
Controller . aircraft instability.
Torque may be switched off.
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Fail Missi
Function Component ;:t‘;e Failure Mode P'::L:" Local Failure Effect Next Higher Effect End Effect Severity Alpha Beta
E;;:\tltiztal Electronic ESC Resolver S:rtol:eezz:izllaetr}xss In Available power
Speed 8.08E-06 All Rotor Torque Ripple q ’ reduced. Possible Critical 2% 100.0%
Energy to Fault extreme cases, rotor . ) L
Controller . aircraft instability.
Torque may be switched off.
Available power
Convert . Rotor fails, aircraft reduced. Limited
Electrical Electronic ESC ESC fails, motor becomes unbalanced flight envelope
Speed 8.08E-06 | Temperature All ’ S| e pe- Critical 2% 100.0%
Energy to . produces no torque FCC may be able to Emergency
Controller Sensor Fail .
Torque compensate. landing may be
required.
Available power
Convert Electronic Rotor fails, aircraft reduced. Limited
Electrical Speed 8.08E-06 ESC High Al ESC fails, motor becomes unbalanced. | flight envelope. Critical 27% 40.0%
Energy to Temperature produces no torque FCC may be able to Emergency
Controller .
Torque compensate. landing may be
required.
Available power
Convert Electronic Rotor fails, aircraft reduced. Limited
Electrical ESC High b bal d. | flight lope. .
ectrica Speed 8.08E-06 's All Rotor Low Torque ecomes unbaiance 't envelope Critical 27% 30.0%
Energy to Temperature FCC may be able to Emergency
Controller .
Torque compensate. landing may be
required.
e e 1y | Al oner
Speed 8.08E-06 & All Rotor Torque Ripple q ’ reduced. Possible Critical 27% 30.0%
Energy to Temperature extreme cases, rotor ) . .
Controller . aircraft instability.
Torque may be switched off.
Convert Rotor experiences .
Electrical Electric Motor High torque oscillations. In Available power
5.10E-06 & All Motor Short Circuit d ) reduced. Possible Critical 6% 100.0%
Energy to Motor Voltage extreme cases, rotor aircraft instabilit
Torque may be switched off. v
Convert Rotor experiences .
Electrical Electric Motor torque oscillations. In Available power
5.10E-06 All Motor Short Circuit q ’ reduced. Possible Critical 6% 20.0%
Energy to Motor Overcurrent extreme cases, rotor . . L
. aircraft instability.
Torque may be switched off.
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Fail Missi
Function Component ;:t‘;e Failure Mode P'::L:" Local Failure Effect Next Higher Effect End Effect Severity Alpha Beta
Convert Rotor experiences .
Electrical Electric Motor torque oscillations. In Available power
5.10E-06 All Rotor Torque Ripple q ’ reduced. Possible Critical 6% 10.0%
Energy to Motor Overcurrent extreme cases, rotor . . .
. aircraft instability.
Torque may be switched off.
Available power
Convert Aircraft becomes reduced. Limited
Electrical Electri Mot bal d. FCC flight lope.
ectrica ectric 5.10E-06 | ~o°f All Low/No Torque unbatance may | Tient envelope Critical 6% 60.0%
Energy to Motor Overcurrent be able to Emergency
Torque compensate. landing may be
required.
(E:Ic;:\t/:tr:tal Electric Motor Rotor Low Torque; SSrtoJeezzgz;:;Ziz In Available power
5.10E-06 | Voltage Al v orque; g " | reduced. Possible Critical 3% 100.0%
Energy to Motor - Torque Ripple extreme cases, rotor . ) o
Transient . aircraft instability.
Torque may be switched off.
Available power
Convert Aircraft becomes reduced. Limited
Electrical Electric 5.10E-06 Motor - All Rotor Low/No unbalanced. FCC may | flight envelope. Critical 0% 100.0%
Energy to Motor Eccentricity Torque; be able to Emergency
Torque compensate. landing may be
required.
Available power
Convert Aircraft becomes reduced. Limited
Electrical Electric 5.10E-06 Mgtor Shaft All Rotor Low/No unbalanced. FCC may | flight envelope. Critical 0% 100.0%
Energy to Motor Failure Torque; be able to Emergency
Torque compensate. landing may be
required.
Available power
Convert Rotor fails, aircraft reduced. Limited
Electrical Electri M High | . | fligh lope. -,
ectrica ectric 5 10E-06 otor Hig All Rotor No Torque becomes unbalanced ight envelope Critical 34% 50.0%
Energy to Motor Temperature FCC may be able to Emergency
Torque compensate. landing may be
required.
Convert Rotor experiences .
Electrical Electric Motor High torque oscillations. In Available power
5.10E-06 g All Rotor Short Circuit d ) reduced. Possible Critical 84% 20.0%
Energy to Motor Temperature extreme cases, rotor . . .
. aircraft instability.
Torque may be switched off.
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Fail Missi
Function Component ;:t‘;e Failure Mode P'::L:" Local Failure Effect Next Higher Effect End Effect Severity Alpha Beta
Available power
Convert Rotor fails, aircraft reduced. Limited
Electrical Electric Motor High becomes unbalanced. | flight envelope. . o o
Energy to Motor >-10E-06 Temperature Al Rotor Low Torque FCC may be able to Emergency Critical 84% 30.0%
Torque compensate. landing may be
required.
. Loss of all
Provide No torque produced .
LvDC Loss of function of by all ESC, No control propulsion and
LV Battery 1.01E-06 | LV Battery Fail All 'y - control. Aircraft Catastrophic 100% 100.0%
Power for FCC and all ESC signals provided to
descends to
Control actuators
ground.
Provide HV ‘ Available ppvyer
Aircraft becomes reduced. Limited
Power to Battery Low/No Torque for unbalanced. FCC ma flight envelope
ESC (to HV Battery | 8.07E-06 | Current All q : yo|me pe. Critical 22% 100.0%
: the connected rotor be able to Emergency
drive the Sensor Fault .
compensate. landing may be
motor) .
required.
. Available power
P HV
rovide Aircraft becomes reduced. Limited
Power to Battery Low/No Torque for unbalanced. FCC ma flight envelope
ESC (to HV Battery | 8.07E-06 | Voltage All d : yo|me pe. Critical 22% 100.0%
. the connected rotor be able to Emergency
drive the Sensor Fault .
compensate. landing may be
motor) .
required.
. Available power
P HV
rovide Aircraft becomes reduced. Limited
Power to Battery Low/No Torque for unbalanced. FCC ma flight envelope
ESC (to HV Battery | 8.07E-06 | Temperature Al d ' o Te pe. Critical 22% 100.0%
. the connected rotor be able to Emergency
drive the Sesnor Fault .
compensate. landing may be
motor) .
required.
Provide HV . Available ppvyer
Power to Battery Aircraft becomes reduced. Limited
Low/No T f bal d. FCC flight lope. -,
ESC (to HV Battery 8.07E-06 | External Short All ow/No Torque for unbalance may lght envelope Critical 6% 100.0%
. . the connected rotor be able to Emergency
drive the Circuit .
compensate. landing may be
motor) .
required.
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Failure Mission
Function Component Rate Failure Mode Phase Local Failure Effect Next Higher Effect End Effect Severity Alpha Beta
. Available power
Provide HV ; POy
Power to Battery Aircraft becomes reduced. Limited
Low/No Torque for unbalanced. FCC ma flight envelope.
ESC (to HV Battery | 8.07E-06 | Physical All / q v e P Critical 4% 100.0%
. the connected rotor be able to Emergency
drive the Damage .
compensate. landing may be
motor) .
required.
. Available power
Provide HV . p .
Power to Battery Aircraft becomes reduced. Limited
Low/No Torque for unbalanced. FCC ma flight envelope.
ESC (to HV Battery | 8.07E-06 | Manufacutrin All / q v o me P Critical 12% 100.0%
: the connected rotor be able to Emergency
drive the g Defects .
compensate. landing may be
motor) .
required.
Available power
Provide HV . .
Aircraft becomes reduced. Limited
Power to Battery Low/No Torque for unbalanced. FCC may | flight envelope.
ESC (to HV Battery 8.07E-06 | External All Critical 12% 100.0%
. . the connected rotor be able to Emergency
drive the Overheating .
compensate. landing may be
motor) .
required.
Available power
Provide HV . .
Aircraft becomes reduced. Limited
Power to HV Batter Battery Low/No Torque for unbalanced. FCC ma flight envelope
ESC (to AN | 4.30E-06 | Cooling All q vo|me P Critical 100% 100.0%
. Cooling . the connected rotor be able to Emergency
drive the Failure .
compensate. landing may be
motor) .
required.
. Available power
Provide HV I p .
Power to Electric Rotor fails, aircraft reduced. Limited
AR Fuse High No Torque for the becomes unbalanced. | flight envelope. .
ESC (to Distribution | 5.96E-08 g All q g P Critical 40.0% 70.0%
. Temperature connected rotor FCC may be able to Emergency
drive the System .
compensate. landing may be
motor) .
required.
. Available power
Provide HV . p .
. Aircraft becomes reduced. Limited
Power to Electric Fuse High High Torque for the unbalanced. FCC ma flight envelope
ESC (to Distribution | 5.96E-08 g All gh forq o me P Critical 40.0% 30.0%
. Temperature connected rotor be able to Emergency
drive the System .
compensate. landing may be
motor) .
required.
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Failure Mission
Function Component Rate Failure Mode Phase Local Failure Effect Next Higher Effect End Effect Severity Alpha Beta
. Available power
Provide HV I p .
. Rotor fails, aircraft reduced. Limited
Power to Electric Fuse No Torque for the becomes unbalanced. | flight envelope
ESC (to Distribution | 4.47E-08 All q & P Critical 30.0% 70.0%
. Overcurrent connected rotor FCC may be able to Emergency
drive the System .
compensate. landing may be
motor) .
required.
. Available power
Provide HV . p .
Power to Electric Aircraft becomes reduced. Limited
Fuse High Torque for the unbalanced. FCC ma flight envelope.
ESC (to Distribution | 4.47E-08 All gh forq v o me P Critical 30.0% 30.0%
. Overcurrent connected rotor be able to Emergency
drive the System .
compensate. landing may be
motor) .
required.
Available power
Provide HV . . .
. Rotor fails, aircraft reduced. Limited
Power to Electric Fuse High No Torque for the becomes unbalanced. | flight envelope
ESC (to Distribution | 4.47E-08 g All 9 & P Critical 30.0% 70.0%
. Voltage connected rotor FCC may be able to Emergency
drive the System .
compensate. landing may be
motor) .
required.
Available power
Provide HV . .
. Aircraft becomes reduced. Limited
Power to Electric Fuse High High Torque for the unbalanced. FCC ma flight envelope
ESC (to Distribution | 4.47E-08 g All gh forq v | e P Critical 30.0% 30.0%
. Voltage connected rotor be able to Emergency
drive the System .
compensate. landing may be
motor) .
required.
. Available power
Provide HV I p .
. Rotor fails, aircraft reduced. Limited
Power to Electric Contactor No Torque for the becomes unbalanced. | flight envelope
ESC (to Distribution | 5.96E-08 | High All q g P Critical 40.0% 70.0%
. connected rotor FCC may be able to Emergency
drive the System Temperature .
compensate. landing may be
motor) .
required.
. Available power
Provide HV . p .
. Aircraft becomes reduced. Limited
Power to Electric Contactor High Torque for the unbalanced. FCC ma flight envelope
ESC (to Distribution | 5.96E-08 | High All gh forq o me P Critical 40.0% 30.0%
. connected rotor be able to Emergency
drive the System Temperature .
compensate. landing may be
motor) .
required.
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Function Component Rate Failure Mode Phase Local Failure Effect Next Higher Effect End Effect Severity Alpha Beta
. Available power
Provide HV I p .
. Rotor fails, aircraft reduced. Limited
Power to Electric Contactor No Torque for the becomes unbalanced. | flight envelope
ESC (to Distribution | 4.47E-08 All q & P Critical 30.0% 70.0%
. Overcurrent connected rotor FCC may be able to Emergency
drive the System .
compensate. landing may be
motor) .
required.
. Available power
Provide HV . p .
Power to Electric Aircraft becomes reduced. Limited
o Contactor High Torque for the unbalanced. FCC ma flight envelope. .
ESC (to Distribution | 4.47E-08 All gh forq v o me P Critical 30.0% 30.0%
. Overcurrent connected rotor be able to Emergency
drive the System .
compensate. landing may be
motor) .
required.
Available power
Provide HV . . .
. Rotor fails, aircraft reduced. Limited
Power to Electric Contactor No Torque for the becomes unbalanced. | flight envelope
ESC (to Distribution | 4.47E-08 | All 9 & P Critical 30.0% 70.0%
. High Voltage connected rotor FCC may be able to Emergency
drive the System .
compensate. landing may be
motor) .
required.
Available power
Provide HV . .
. Aircraft becomes reduced. Limited
Power to Electric Contactor High Torque for the unbalanced. FCC ma flight envelope
ESC (to Distribution | 4.47E-08 | = All gh torq vo|me P Critical 30.0% 30.0%
. High Voltage connected rotor be able to Emergency
drive the System .
compensate. landing may be
motor) .
required.
. Available power
Provide HV I p .
. Rotor fails, aircraft reduced. Limited
Power to Electric Connection No Torque for the becomes unbalanced. | flight envelope
ESC (to Distribution | 1.39€-07 | ~° All 9 & P Critical 100.0% 70.0%
. Failure connected rotor FCC may be able to Emergency
drive the System .
compensate. landing may be
motor) .
required.
. Available power
Provide HV . p .
. Aircraft becomes reduced. Limited
Power to Electric Connection High Torque for the unbalanced. FCC ma flight envelope
ESC (to Distribution | 1.39€-07 | ~° All gh forq o me P Critical 100.0% 30.0%
. Failure connected rotor be able to Emergency
drive the System .
compensate. landing may be
motor) .
required.
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Fail Missi
Function Component ;:t‘;e Failure Mode P'::L:" Local Failure Effect Next Higher Effect End Effect Severity Alpha Beta
Gear power
transmission More power is .
Transfer Emergenc | efficiency goes down necessary to spin the Available power
Reducti Teeth Surf . duced. Possibl .
Torque to eduction 4.23E-07 ee. urtace y due to more friction rotor attached to the rg uee . oss! . € Major 85.0% 100.0%
Gearbox Fatigue . aircraft instability.
Rotors maneuver | and the experienced gearbox at the same .
. L . . Range is reduced.
vibration in operation | speed and pitch angle
increases
The broken tooth The same Available power
Transfer Reduction Teeth Emergenc reduces the gear erformance level reduced. Possible
Torque to 4.23E-07 | Overload y . & P . . ) N o Critical 5.0% 100.0%
Gearbox efficiency and the requires an increase aircraft instability.
Rotors Fracture maneuver . ) . . . .
vibrations increase in power generation Range is reduced.
The broken tooth The same Available power
Transfer Reduction Teeth Fatigue reduces the gear erformance level reduced. Possible
Torque to 4.23E-07 g All u & perto . . " POsSID Critical 10.0% 100.0%
Rotors Gearbox Fracture efficiency and the requires an increase aircraft instability.
vibrations increase in power generation Range is reduced.
Gear power
transmission
Th i
Elc::tltiztal Motor Teeth Surface Emergenc | efficiency goes down foftﬁzvs\:r;;e:s;riﬁ:r Available Power
Auxilliary 3.48E-07 . y due to more friction Y| Reduced. Range is Major 85.0% 100.0%
Energy to Fatigue . system performance
Gearbox maneuver | and the experienced . reduced.
Torque . L . increases
vibration in operation
increases
C t The broken tooth Th ired .
EIC;:\tISEaI Motor Teeth Emergenc rec?ucrec; tehne Oeoar foftEZV::r;;egS:(zr;ar Available Power
Auxilliary 3.48E-07 | Overload y . & Y| Reduced. Range is Critical 5.0% 100.0%
Energy to efficiency and the system performance
Gearbox Fracture maneuver . . . . reduced.
Torque vibrations increase. increases
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Fail Missi
Function Component ;:t‘;e Failure Mode P'::L:" Local Failure Effect Next Higher Effect End Effect Severity Alpha Beta
Eciical | Motor Teeth Fatigue eturoste gont | for the samo auiiary | Avalable Power
Auxilliary 3.48E-07 g All . & Y| Reduced. Range is Critical 10.0% 100.0%
Energy to Fracture efficiency and the system performance
Gearbox . ) . . reduced.
Torque vibrations increase. increases
The remaining three Available power
Transfer Rotor Overload Emergenc The clutch fails to connected motors reduced. Possible
Torque to Overruning 4.23E-07 y . N o Critical 5.0% 100.0%
Fracture engage must power the four aircraft instability.
Rotors Clutch maneuver .
rotors Range is reduced.
The remaining three Available power
Transfer Rotor Fatigue The clutch fails to connected motors reduced. Possible
Torque to Overruning 4.23E-07 & All . N o Critical 15.0% 100.0%
Fracture engage must power the four aircraft instability.
Rotors Clutch .
rotors Range is reduced.
Transfer Rotor The clutch efficienc The electric motor Available power
Torque to Overruning 4.23E-07 | Degredation All is lower ¥ power generation reduced. Range is Critical 80.0% 100.0%
Rotors Clutch increases reduced.
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Appendix B - Table 6: Octocopter RPM-control FMECA

Fail Missi
Function Component :;:;e Failure Mode PE:::‘ Local Failure Effect Next Higher Effect End Effect Severity Alpha Beta
Convert . Rotor experiences .
Electrical Electronic ESC High torque oscillations. In Available power
Speed 8.08E-06 & All Rotor Torque Ripple N ' reduced. Possible Critical 20% | 100.0%
Energy to Voltage extreme cases, rotor . . .
Controller . aircraft instability.
Torque may be switched off.
Rotor experiences
torque oscillations.
Speed 8.08E-06 All High Torque Ripple . ¥ ’ range. Possible Critical 20% 100.0%
Energy to Overcurrent Possible battery . . .
Controller aircraft instability.
Torque thermal runaway. In
extreme cases, rotor
may be switched off.
et | il pover
Speed 8.08E-06 oltag All Rotor Torque Ripple q : reduced. Possible Critical 10% | 100.0%
Energy to Transient extreme cases, rotor . . .
Controller . aircraft instability.
Torque may be switched off.
Eloe ::c/r"aiital Electronic f::ojeezscei:;:;giss In Reduced aircraft
Speed 8.08E-06 | ESC Vibrations All High Torque Ripple q ’ range. Possible Critical 10% 100.0%
Energy to Controller extreme cases, rotor aircraft instabilit
Torque may be switched off. Y.
Eimcincal | Electronic Manufacturin toraue osclations, n | Available power
Speed 8.08E-06 J All Rotor Torque Ripple q ’ reduced. Possible Critical 7% 100.0%
Energy to Controller Defects extreme cases, rotor aircraft instabilit
Torque may be switched off. v
El?ar;\tlzzgl Electronic ESC Current Ss:oJeezl::i:;aeggiss In Available power
Speed 8.08E-06 All Rotor Torque Ripple q ) reduced. Possible Critical 2% 100.0%
Energy to Sensor Fault extreme cases, rotor . . L
Controller . aircraft instability.
Torque may be switched off.
EIC:;‘t’Z;I Electronic ESC Resolver f:rtol:ee:)s:i:;:;cc;z In Available power
Speed 8.08E-06 All Rotor Torque Ripple d ) reduced. Possible Critical 2% 100.0%
Energy to Fault extreme cases, rotor . ) L
Controller . aircraft instability.
Torque may be switched off.
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Fail Missi
Function Component ;:t‘;e Failure Mode P'::L:" Local Failure Effect Next Higher Effect End Effect Severity Alpha Beta
Available power
Convert . Rotor fails, aircraft reduced. Limited
Electrical Electronic ESC ESC fails, motor becomes unbalanced flight envelope
Speed 8.08E-06 | Temperature All ! ’ & pe. Critical 2% 100.0%
Energy to . produces no torque FCC may be able to Emergency
Controller Sensor Fail .
Torque compensate. landing may be
required.
Available power
Convert Electronic Rotor fails, aircraft reduced. Limited
Electrical ESC High ESC fails, motor becomes unbalanced. flight envelope. "
' Speed 8.08E-06 's All ! u 'ght envelop Critical 27% 40.0%
Energy to Temperature produces no torque FCC may be able to Emergency
Controller .
Torque compensate. landing may be
required.
Available power
Convert Electronic Rotor fails, aircraft reduced. Limited
Electrical ESC High becomes unbalanced. | flight envelope. "
' Speed 8.08E-06 's All Rotor Low Torque u 'ight envelop Critical 27% 30.0%
Energy to Temperature FCC may be able to Emergency
Controller .
Torque compensate. landing may be
required.
Eincincal | Electronic EsC High toraue ouclations.In | Available povier
Speed 8.08E-06 g All Rotor Torque Ripple q ’ reduced. Possible Critical 27% 30.0%
Energy to Temperature extreme cases, rotor . . L
Controller . aircraft instability.
Torque may be switched off.
Convert Rotor experiences .
Electrical Electric Motor High torque oscillations. In Available power
5.10E-06 & All Motor Short Circuit 9 ) reduced. Possible Critical 6% 100.0%
Energy to Motor Voltage extreme cases, rotor aircraft instabilit
Torque may be switched off. Y.
Convert Rotor experiences .
Electrical Electric Motor torque oscillations. In Available power
5.10E-06 All Motor Short Circuit q ) reduced. Possible Critical 6% 20.0%
Energy to Motor Overcurrent extreme cases, rotor aircraft instabilit
Torque may be switched off. v
Convert Rotor experiences .
Electrical Electric Motor torque oscillations. In Available power
5.10E-06 All Rotor Torque Ripple 9 ) reduced. Possible Critical 6% 10.0%
Energy to Motor Overcurrent extreme cases, rotor . . .
. aircraft instability.
Torque may be switched off.
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Fail Missi
Function Component ;;lt‘;e Failure Mode P'::L:" Local Failure Effect Next Higher Effect End Effect Severity Alpha Beta
Available power
Convert Aircraft becomes reduced. Limited
Electrical Electri Mot bal d. FCC flight lope. .
ectrica ectric 5.10E-06 otor All Low/No Torque unbalance may ght envelope Critical 6% 60.0%
Energy to Motor Overcurrent be able to Emergency
Torque compensate. landing may be
required.
Convert Rotor experiences .
Electrical Electric Motor Voltage Rotor Low Torque; torque oscillations. In Available power
5.10E-06 rvottag All v lorque; a ' reduced. Possible Critical 3% 100.0%
Energy to Motor Transient Torque Ripple extreme cases, rotor . . L
. aircraft instability.
Torque may be switched off.
Available power
Convert Aircraft becomes reduced. Limited
Electrical Electri Mot bal d. FCC flight lope. "
ectrica ectric 5.10E-06 | 0" All Rotor Low/No Torque; | - oo ance may | Tight envelope Critical 0% 100.0%
Energy to Motor Eccentricity be able to Emergency
Torque compensate. landing may be
required.
Available power
Convert Aircraft becomes reduced. Limited
Electrical Electri Motor Shaft bal d. FCC flight lope. "
ectrica ectric 5.10E-06 | . oor>nd All Rotor Low/No Torque; | - oaance may | Tight envelope Critical 0% 100.0%
Energy to Motor Failure be able to Emergency
Torque compensate. landing may be
required.
Available power
Convert Rotor fails, aircraft reduced. Limited
Electrical Electri Motor High m nbalanced. flight envel .
ectrica ectric 5.106-06 | ViotorHig Al Rotor No Torque becomes unbalanced. | flight envelope Critical 84% | 50.0%
Energy to Motor Temperature FCC may be able to Emergency
Torque compensate. landing may be
required.
Convert Rotor experiences .
Electrical Electric Motor High torque oscillations. In Available power
5.10E-06 & All Rotor Short Circuit 9 ) reduced. Possible Critical 84% 20.0%
Energy to Motor Temperature extreme cases, rotor . . L
. aircraft instability.
Torque may be switched off.
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Fail Missi
Function Component ;;lt‘;e Failure Mode P'::L:" Local Failure Effect Next Higher Effect End Effect Severity Alpha Beta
Available power
Convert Rotor fails, aircraft reduced. Limited
Electrical Electric 5.10E-06 Motor High Al Rotor Low Torque becomes unbalanced. | flight envelope. Critical 34% 30.0%
Energy to Motor Temperature FCC may be able to Emergency
Torque compensate. landing may be
required.
. Loss of all
Provide No torque produced .
LvVDC Loss of function of by all ESC, No control propulsion and
LV Battery 1.01E-06 | LV Battery Fail All .y - control. Aircraft Catastrophic 100% 100.0%
Power for FCC and all ESC signals provided to
descends to
Control actuators
ground.
Provide HV . Available ppvyer
Aircraft becomes reduced. Limited
Power to Battery Low/No Torque for unbalanced. FCC ma flight envelope
ESC (to HV Battery | 8.07E-06 | Current All q : ¥ g pe. Critical 22% | 100.0%
. the connected rotor be able to Emergency
drive the Sensor Fault .
compensate. landing may be
motor) .
required.
. Available power
P HV
rovide Aircraft becomes reduced. Limited
Power to Battery Low/No Torque for unbalanced. FCC ma flight envelope
ESC (to HV Battery | 8.07E-06 | Voltage All q : ¥ g pe. Critical 22% | 100.0%
. the connected rotor be able to Emergency
drive the Sensor Fault .
compensate. landing may be
motor) .
required.
. Available power
P HV
rovide Aircraft becomes reduced. Limited
Power to Battery Low/No Torque for unbalanced. FCC ma flight envelope
ESC (to HV Battery | 8.07E-06 | Temperature All 9 : ¥ & pe. Critical 22% | 100.0%
. the connected rotor be able to Emergency
drive the Sesnor Fault .
compensate. landing may be
motor) .
required.
Provide HV . Available ppvyer
Power to Battery Aircraft becomes reduced. Limited
Low/No T f bal d. FCC flight lope. -
ESC (to HV Battery 8.07E-06 | External Short All ow/No Torque for unbaiance may lght envelope Critical 6% 100.0%
. - the connected rotor be able to Emergency
drive the Circuit .
compensate. landing may be
motor) .
required.
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Function Component F;:lt‘;e Failure Mode I\:I::S:n Local Failure Effect Next Higher Effect End Effect Severity Alpha Beta
Provide HV . Available p.ovyer
Power to Battery Aircraft becomes reduced. Limited
ESC (to HV Battery | 8.07E-06 | Physical All Low/No Torque for unbalanced. FCC may | flight envelope. Critical 4% 100.0%
. the connected rotor be able to Emergency
drive the Damage .
compensate. landing may be
motor) .
required.
Provide HV . Available p.ovyer
Power to Battery Aircraft becomes reduced. Limited
ESC (to HV Battery | 8.07E-06 | Manufacutring All Low/No Torque for unbalanced. FCC may | flight envelope. Critical 12% | 100.0%
. the connected rotor be able to Emergency
drive the Defects .
compensate. landing may be
motor) .
required.
. Available power
P HV
rovide Aircraft becomes reduced. Limited
Power to Battery Low/No Torque for unbalanced. FCC ma flight envelope
ESC (to HV Battery | 8.07E-06 | External All q : v & pe. Critical 12% | 100.0%
. . the connected rotor be able to Emergency
drive the Overheating .
compensate. landing may be
motor) .
required.
. Available power
P HV
PE)C\)A\/“e(:io Battery Aircraft becomes reduced. Limited
ESC (to HV B.attery 4.30E-06 | Cooling Al Low/No Torque for unbalanced. FCC may flight envelope. Critical 100% 100.0%
. Cooling . the connected rotor be able to Emergency
drive the Failure .
compensate. landing may be
motor) .
required.
Provide HV S Available ppvyer
Power to Electric Rotor fails, aircraft reduced. Limited
ESC (to Distribution 5 96E-08 Fuse High Al No Torque for the becomes unbalanced. | flight envelope. Critical 40.0% 70.0%
. Temperature connected rotor FCC may be able to Emergency
drive the System .
compensate. landing may be
motor) .
required.
Provide HV _ Available p.ovyer
. Aircraft becomes reduced. Limited
Power to Electric Fuse High High Torque for the unbalanced. FCC ma flight envelope
ESC (to Distribution | 5.96E-08 e All gh forq : v & pe. Critical 40.0% | 30.0%
. Temperature connected rotor be able to Emergency
drive the System .
compensate. landing may be
motor) .
required.
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Failure Mission
Function Component Rate Failure Mode Phase Local Failure Effect Next Higher Effect End Effect Severity Alpha Beta
. Available power
Provide HV S p .
. Rotor fails, aircraft reduced. Limited
Power to Electric Fuse No Torque for the becomes unbalanced flight envelope
ESC (to Distribution | 4.47E-08 All g & P Critical 300% | 70.0%
. Overcurrent connected rotor FCC may be able to Emergency
drive the System .
compensate. landing may be
motor) .
required.
. Available power
Provide HV . p .
Power to Electric Aircraft becomes reduced. Limited
Fuse High Torque for the unbalanced. FCC ma flight envelope.
ESC (to Distribution | 4.47E-08 All g forq vo|Te P Critical 30.0% | 30.0%
. Overcurrent connected rotor be able to Emergency
drive the System .
compensate. landing may be
motor) .
required.
Available power
Provide HV . . .
. Rotor fails, aircraft reduced. Limited
Power to Electric Fuse High No Torque for the becomes unbalanced flight envelope
ESC (to Distribution | 4.47E-08 € All g & P Critical 30.0% | 70.0%
. Voltage connected rotor FCC may be able to Emergency
drive the System .
compensate. landing may be
motor) .
required.
Available power
Provide HV . .
. Aircraft becomes reduced. Limited
Power to Electric Fuse High High Torque for the unbalanced. FCC ma flight envelope
ESC (to Distribution | 4.47E-08 g All gh forq v g P Critical 300% | 30.0%
. Voltage connected rotor be able to Emergency
drive the System .
compensate. landing may be
motor) .
required.
. Available power
Provide HV S p .
. Rotor fails, aircraft reduced. Limited
Power to Electric Contactor No Torque for the becomes unbalanced flight envelope
ESC (to Distribution | 5.96E-08 | High All g g P Critical 40.0% | 70.0%
. connected rotor FCC may be able to Emergency
drive the System Temperature .
compensate. landing may be
motor) .
required.
. Available power
Provide HV . p .
. Aircraft becomes reduced. Limited
Power to Electric Contactor High Torque for the unbalanced. FCC ma flight envelope
ESC (to Distribution | 5.96E-08 | High All gh forq v & P Critical 40.0% | 30.0%
. connected rotor be able to Emergency
drive the System Temperature .
compensate. landing may be
motor) .
required.
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Failure Mission
Function Component Rate Failure Mode Phase Local Failure Effect Next Higher Effect End Effect Severity Alpha Beta
. Available power
Provide HV S p .
. Rotor fails, aircraft reduced. Limited
Power to Electric Contactor No Torque for the becomes unbalanced flight envelope
ESC (to Distribution | 4.47E-08 All g & P Critical 300% | 70.0%
. Overcurrent connected rotor FCC may be able to Emergency
drive the System .
compensate. landing may be
motor) .
required.
. Available power
Provide HV . p .
Power to Electric Aircraft becomes reduced. Limited
o Contactor High Torque for the unbalanced. FCC ma flight envelope. .
ESC (to Distribution | 4.47E-08 All g forq vo|Te P Critical 30.0% | 30.0%
. Overcurrent connected rotor be able to Emergency
drive the System .
compensate. landing may be
motor) .
required.
Available power
Provide HV . . .
. Rotor fails, aircraft reduced. Limited
Power to Electric Contactor No Torque for the becomes unbalanced flight envelope
ESC (to Distribution | 4.47E-08 | All g & P Critical 30.0% | 70.0%
. High Voltage connected rotor FCC may be able to Emergency
drive the System .
compensate. landing may be
motor) .
required.
Available power
Provide HV . .
. Aircraft becomes reduced. Limited
Power to Electric Contactor High Torque for the unbalanced. FCC ma flight envelope
ESC (to Distribution | 4.47E-08 | All gh forq ¥ & P Critical 300% | 30.0%
. High Voltage connected rotor be able to Emergency
drive the System .
compensate. landing may be
motor) .
required.
. Available power
Provide HV S p .
. Rotor fails, aircraft reduced. Limited
Power to Electric Connection No Torque for the becomes unbalanced flight envelope
ESC (to Distribution | 1.39€-07 | -° All 9 & P Critical 100.0% | 70.0%
. Failure connected rotor FCC may be able to Emergency
drive the System .
compensate. landing may be
motor) .
required.
. Available power
Provide HV . p .
. Aircraft becomes reduced. Limited
Power to Electric Connection High Torque for the unbalanced. FCC ma flight envelope
ESC (to Distribution | 1.39€-07 | All gh forq v & P Critical 100.0% | 30.0%
. Failure connected rotor be able to Emergency
drive the System .
compensate. landing may be
motor) .
required.
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Fail Missi
Function Component ;:t‘;e Failure Mode P'::L:" Local Failure Effect Next Higher Effect End Effect Severity Alpha Beta
Gear power
transmission More power is .
Transfer efficiency goes down necessary to spin the Available power
Reducti Teeth Surf E - duced. Possibl .
Torque to eduction 4.23E-07 ee. urtace mergency due to more friction rotor attached to the rg uee . oss! . N Major 85.0% 100.0%
Gearbox Fatigue maneuver . aircraft instability.
Rotors and the experienced gearbox at the same .
. L . . Range is reduced.
vibration in operation | speed and pitch angle
increases
The broken tooth The same Available power
Transfer Reduction Teeth Emergenc reduces the gear erformance level reduced. Possible
Torque to 4.23E-07 | Overload gency - 8 P . . . ) N o Critical 5.0% 100.0%
Gearbox maneuver | efficiency and the requires an increase in | aircraft instability.
Rotors Fracture . . . . .
vibrations increase power generation Range is reduced.
The broken tooth The same Available power
Transfer Reduction Teeth Fatigue reduces the gear erformance level reduced. Possible
Torque to 4.23E-07 g All u & perto . s - POSSID Critical 10.0% | 100.0%
Rotors Gearbox Fracture efficiency and the requires an increase in | aircraft instability.
vibrations increase power generation Range is reduced.
Gear power
transmission
Th i
El?ar;\tlzzgl Motor Teeth Surface Emergenc efficiency goes down foretE(e’\Zae;ree:S;(:ﬁ:r Available Power
Auxilliary 3.48E-07 : BENY 1 due to more friction Y| Reduced. Range is Major 85.0% 100.0%
Energy to Fatigue maneuver . system performance
Gearbox and the experienced ) reduced.
Torque . L . increases
vibration in operation
increases
Eocincal | Motr Teeth cmergency | reduces thegont | for the same sy | Avaiable Povier
Auxilliary 3.48E-07 | Overload gency . & Y| Reduced. Range is Critical 5.0% 100.0%
Energy to maneuver | efficiency and the system performance
Gearbox Fracture . . . . reduced.
Torque vibrations increase. increases
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Fail Missi
Function Component ;:t‘;e Failure Mode P'::L:" Local Failure Effect Next Higher Effect End Effect Severity Alpha Beta
Eciical | Motor Teeth Fatigue eurostne gont | for the same autiory | Avalable Power
Auxilliary 3.48E-07 g All . & y Reduced. Range is Critical 10.0% 100.0%
Energy to Fracture efficiency and the system performance
Gearbox . . . . reduced.
Torque vibrations increase. increases
The remaining three Available power
Transfer Rotor Overload Emergenc The clutch fails to connected motors reduced. Possible
Torque to Overruning 4.23E-07 gency . N . Critical 5.0% 100.0%
Fracture maneuver | engage must power the four aircraft instability.
Rotors Clutch :
rotors Range is reduced.
The remaining three Available power
Transfer Rotor Fatigue The clutch fails to connected motors reduced. Possible
Torque to Overruning 4.23E-07 g All . N . Critical 15.0% 100.0%
Fracture engage must power the four aircraft instability.
Rotors Clutch :
rotors Range is reduced.
Transfer Rotor The clutch efficiency is The electric motor Available power
Torque to Overruning 4.23E-07 | Degredation All lower ¥ power generation reduced. Range is Critical 80.0% 100.0%
Rotors Clutch increases reduced.
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APPENDIX C : FAULT TREE ANALYSIS (FTA) DIAGRAMS
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Appendix C - Figure 1: Quadcopter Electric FTA

LOSS OF
POWER
TRANSMISSION
TP
O=4 B96BTE-S
Dual Electric Energy Single Rotor OEl Propulsion
Motor Failure Distribution Loss Loss
Failure
AN ' ' £
2 [ A [ [ A |
TP15 TP16 TP1T TP18
Q=2 68247E-5 Q=4 _37000E-7 Q=1.64492E-7 Q=2.17952E-5
|
In QEl Avoid
Propulsor 2 Propulsor 3 Propulsor 4 Single Propulsor FARIT
Failure Failure Failure Fault
I I I RN
L1 & - L [ en ]
GT186 GT213 GT240 GT13
Q=2 25541E-5 Q=2 25541E-5 Q=2 25541E-5 Q=8.T1807E-5 Q=025
| | | | f— | Q=2 GDODOE-1
Propulsor 2 Propulsor 3 Propulsor 4
Failure Failure Failure
[ N e R —
GT186 GT213 GT240
Q=2 25541E-5 Q=2.25541E-5 Q=2.25541E-5
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OWR Clutch 1

(Continued)

Fail

ESC 1 Fail Energy Storage Energy
System Failure Distribution
Failure
I I
N £ A1 A
EV17 TP4 TP TP114
Q=5 45000E-8 O=5.81380E-5 Q=T B4TEOES Q=4 37T000E-T
T i (=] =]
Overloading Fatigue Fracture Imverter Failure DC Capacitar Electric Speed Controller
Fracture Failure Controller
Cooling
/J\ /-l-\ T T T T
[ & 1 [ A [ [ A [ [ A |
| GTH3 G734 GTHE GT3E
0=4.01843E-5 0=2.70941E-5 0=2.150385E-5 0=1.71500E-5
A A £ i i i
FR=2.11E-08 FR=5.34E-08 | | | | | | | |
Q=2 11000E-3 Q=6 _34000E-3
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(Continued)
zEaEr Rotor
Liquid Cooling Demagnitization
Fault

GT303
Q=1.45286E-6

EvV114
Q=1.23697E-L

VA
GTo82
Q=2.15095E6

11—
[ 1
Winding Failure Care Failure -
Motor High Owvercurrent
Liquid Cooling Cooling Failure Temperature
Causes High
Temperature
GT306 . £ R
@=2 150956E-7 7 /J\ GT328 GT329
[ 1 O=1.07547E-5 Q=1.61500E-7
GT309 EV1445
Q=4 30189E5 ] ]
Q=0.5
Motor High Q=5 00000E-1 : — :
Temperature TMotor H|tgh qumg C?tolmg o Motor . COvercu;'ePt
Causes Care = z : emperature au VErCUrTen auses Rotor
Failure FEGImET P'Ee Fkallure, Du:l _II:’ump Causes Rotor Demagnitization
LS R Demagnitization

—~ = = £ A £

Ev428 GT932 | | | EvVa23 |
| EV3aT | | | | V398 | Q=2 15095E-6
Q=01
Q=1.00000E-1 Q=05 FR=3.23E-07 Q=05
FR=33E.08 FR-1E.08 FR=1 B01E-08 Q=5.00000E-1 Q1=3.23000E-7 Q=5 00000E-1
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(Continued)

‘Winding Failure

GT304

Q=1.32381E5
L 1]

Winding Short Open Circuit
Circuit
GT306 GT307
Q=1.29008E-6 Q=4.62000E-8

Insulator Failuire

GT308 GT330 GT3HN
Q=1.29008E-6 Q=3.23000E-8 Q=1.39000E-8

I

[

Owvercurrent

Voltage
Transient

| GT982 |
Q=2.15095E-6
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Motor High Overcurrent Motor High Voltage Motor Overcurrent Voltage Voltage
Voltage Tempreature Transient Overcurrent Causes Open Transient Transient
Circuit Causes Open
Circuit
GT332 GT333 GT334 Evaz || Evaz || Evas | [ Evas
Q=9.69000E-8 Q=8.60378E-T Q=2.72000E-8
I
Motor Overcurrent Motor High Liquid Cooling Voltage Voltage
Overcurrent Causes Insulator Temperature Fault Transient Transient
Failure Causes Insulator Causes Insulator
Failure Failure
Evaz | [ Evas | [ Evase Evaos | [ Evass
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Liquid Cooling

GT309
Q=4.30189E-6
T 1

Mator Failure
Caused by
Cooling Fault

Qo5
| Q=5.00000E-1

Radiator

Pipe Failure,
Leakage

Dual Pump
Failure

e e e

FR=3.3E-06
Q=329999E-6

FR=1E-06

FR=1.801E-09
Q=099000E-7

Q=1.20100E-2

215

(Continued)
l |
Bearing Failure Eccentricity Shaft Failure
GT302 [ Ewwoo | [ Evar |
Q=1.75800E-7
FR=1.85E-08 FR=1.85E-08
| ‘ Q=1.55000E-8 Q=1.85000E-5
Other Voltage Overcurrent
Transient
Evaod GT326
Q=5.72000E-8
FR=4.62E-08
Q=462000E-8
Voltage Voltage Maotor Owercurrent
Transient Transient Owvercurrent Causes Bearing
Causes Bearing Failure
Failure
| EV403 | | EV426 | | EV402 EV427
FR=1.38E-07 Q=07 FR=3.23E-07 Q=01
Q=1.38000E-7 Q=7 .00000E-1 Q=3.23000E-7 Q=1.00000E-1
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(Continued)

Inverter Failure

GTHI
Q=4 01849E5
71—

Open Circuit Short Circuit

£

GT318
Q=2.69226E-6
=T 1

GTIHT

Q=1.76028E-5

[
e vohgs

ESC High Voltage Transistar Short Winding Short

Temperature Cirucit Circuit

GT335 GT319 GT306
Q=6 45284E-7 Q=170719E6 Q=1.29008E-6

ESC High —
ESC High Temperature Owercurrent ESC High Motor High
ESG Liquid Temperature Ca”é?f‘cﬁtp en Temperature Voltage

Cooling Failure

£

GT336 GT337
Q=9.71999E-7 Q=4.30189E-7

GT325
Q=4.30189E5

‘ ‘ ESC Owvercurrent | [ ESC Overcurrent ESC High ESC High

Radiator Dual Pump Pipe Failure, Cooling Failure Causes Temperature Temperature
Failure Leakane Causes High Transistor Short L
Temperature Transistor Short

ZaNGRN A N
/J\ /J\ /J\ /J\ | | Ev41al | [ evasr | Q=2§1\;1]1925E6 Ev43s
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(Continued)

OC Capacitor
Failure

AN
GT314

Q=2 70841E-4H

T

Open Circuit Short Circuit
LD GTaz
Q=9.50284E-7 Q=2 19319E5
| | | | |
High Motor High ESC Vibrations ESC High QOvercurrent Motor High
Temperature Voltage Temperature Voltage

GTerT EV408 Evid14 GT338 GT339 EV406
Q=6.45284E-T Q=4.30189E-T Q=5.47999E-T

ESC High ESC High ESG High ESC High ESC Overcurrent | | ESC Overcurrent
Temperature Temperature Temperature Temperature Causes Short
Causes Open Causes Short Circuit

Circuit Circuit
Ev438 Eva12 Evaia | evan || evaizs || B |
Q=2.15095E-6 O=2.15095E-6

\—I— Q=02 FR=1.82E-08

Q=2.00000E-1 Q=1.62000E-6

I
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(Continued)

Electric Speed
Controller
Cooling

GTI6
Q=2.15095E6
[ ]

ESC Liquid

Controller

ESC Failure
Cooling Failure Caused by GT315
Cooling Fault Q=1.71500E-5
[ﬁ\ /’L\
GT325 EV1437
O=4 30183E5 | l
a5 Current Sensar Resalver Fault Motar Inverter LY Battery Fail
‘ ‘ Q=5.0D000E-1 Fault Temperature Temperature
I _ _ Sensor Failure Sensor Failure
Radiator Dual Pump Pipe Failure,
Failure Leakage /J\ /_;\ /J\ /_;\ /J\
D A | evais || Evas || Evazo || Evan || Eviia |
[ Evas || evaea || Evazs | \_// \\_/ \_// \\_/-
FR=33E-06 FR=1.001E-09 FR=1.76E-07 FR=1.76E-O7 FR=1.76E-07 FR=1.76E-O7 FR=1.011E-06
Q=3.29999E-6 Q=1.80100E-9 Q=1.7eD00E-T Q=1.78000E-T Q=1.7eD00E-T Q=1.78000E-T Q=1.01100E-6
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Energy Storage
System Failure

TP

Q=T B4TBIE-G
=T 1]

(Continued)

Energy Storage
System Cooling
Failure

TPa4
0=2.15095E-6

Battery Cells
Failure

Trigger Cooling Cooling Cell Failure Battery
Failure Component IManagement
Failure Failure
A . -
GTIN TPE2 TP33
Q=4 30189E-6 Q=5.61283E6 0=1.27500E-6
Pipe Failure, Dual Pump Compressor,
Leakage Failure Condenser, Heat
Exchanger
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Battery
Management
Failure

TP93
Q=1.27500E-6
[T 1]

LV Battery Fail

Sensor Failure
Causing BMS
Failure

FR=1.011E-06
Q=1.01100E-8

GT927
Q=2.64000E-T
I

Sensor Fail

BMS Failure

GT933
Q=5.28000E-7

Battery
Temperature
Sensor Fault

Battery Voltage
Sensor Fault

Battery Current
Sensor Fault




March 2021 Final Report, Reliability and Safety Assessment of Urban Air Mobility Concept Vehicles, Contract No. 80ARC020F0055, GTRI Document

No. D9015A001R2, April 2021

(Continued)

Energy
Distribution
Failure

LA

TP114
Q=4 37000E-7

Fuse Failure

N

an:

Contactor Failure

N

Connection
Failure

GTOED GTS70
=1.49000E-7 O=1.49000E-7
High Overcurrent High Yoltage High Overcurrent High Voltage
Temperature Temperature
| Bwvao || Evien || eBwaz || Bnms || Bvieie || EBviais |
FR=5.96E-08 FR=4 4TE-08 FR=4.47E-0 FR=5.96E-D FR=4.47E-Di FR=4 47E-Di
Q=5 %5000E-3 Q=4 47000E-3 Q= 44?333E—8 Q= E.E“C-CCE-E Q= 44TCCZE-E! Q= 44TCZZE-E
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Cell Failure

TP92
=5.61293E-6
External Short External
Internal Short Circuit Overheating
Circuit

Extreme
Charging/Discharging
C-Rate

£

GT925
Q=5.69000E-7

GT926
Q=4 03234E-5

]
Sensor Failure Energy Sensor Failure ‘
Causing C-Rate Distribution Causing Overcharge/ Manufacturing Battery Physical Energy Storage
Failure Failure Overcharge! Overdischarge Defect Damage ﬁ'St?:m ‘ICW“HQ
Overdischarge i

GT934

GTS30

GT935
‘0=1.32000E-7 Q=1.32000E-7
1 Q=5.69000E-7
C-Rate Failure Overcharge Sensor Fail Energy - -
Distribution Trigger Internal Cooling
Failure Short Component
Failure

Sensor Fail
Discharge
Failure

GT933 EV1336 GT833 /J\
Q=5.28000E-7 Q=5 28000E-7 EV1333 GTe31
' l! 0=4.30189E6
— Q=025
) Q=05
Q=5.00000E-1 ‘

Q=025
Q=2 50000E-1 ‘
Battery Battery Voltage Battery Current - -
Temperature Sensor Fault Sensor Fault Fipe Failure, Dual Pump Compressor,
Sensor Fault Leakage Failure Condenser, Heat
Exchanger
EV1318 evist7 | [ Eviame v | [ | [ evme |
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(Continued)

Single Rotor
Loss

AN
TP1T

Q=1.64482E-7

o

Single Gearbox Rotor Actuator
Fail Failure
GT12 GT47
Q=1.51200E-7 0=1.29T68E-8

Gearbox 1 Fail Gearbox 2 Fail Gearbox 3 Fail Gearbox 4 Fail Rotor 1 Actuators Rotor 2 Actuators | [Rotor 3 Actuators | |Rotor 4 Actuatars

e R e R w— N i R S N S w—
Ewv40 Ev316 EV31T EV3138 GT48 GT49 GTED GTE1

Q=3.780D0E-§ Q=3.T8000E-& Q=3.78000E-8 Q=3.T8000E-8 Q=3.24420E-3 Q=3.24420E-3 Q=3.24420E-8 Q=3.24420E-3

T

C—

Overload
Fracture

Fatigue Fracture
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S e e
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(Continued)

SinglePropulsor
Fault

GT13

Q=8T1807E-5

TTIe

Cross Shafting
System Failure

A

GT14
Q=3 51020E-6
e

[ ]
Propulsor 2 Propulsor 3 Propulsor 4 Cross Shaft Fail Shaft 4 CGB Fail
Failure Failure Failure
' N —
GT186 ‘ | GT213 ‘ GT240 | = oTe03 fa=
Q=2.25541E-5 Q=2.25541 E-5| |°=?-2554" Eé| Q=2.85800E-5 Q=7.14500E-7 @=7.52300E-7
Shaft 1 Shaft 2 Shaft 3 Shaft Overload Shaft Fatigue Shaft Overload Shaft Fatigue Bevel Gear Bevel Gear
Overload Fatigue Fracture
Fracture
A1 A1 A1 A A A N N
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Appendix C - Figure 2: Quadcopter Hybrid FTA
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(Quadcopter Hybrid FTA Continued)
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(Quadcopter Hybrid FTA Continued)
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(Quadcopter Hybrid FTA Continued)

Bearing Failure

N

Eccentricity

Shaft Failure

RN

N

Liquid Cooling Maotor Failure
Caused by
Cooling Fault
| £
GT309 EV1438
=4 30189EH '
Q=05
Q=5.00000E-1
Radiator Pipe Failure, Dual Pump
Leakage Failure
| Evasr || Evase || Evams |
FR=3.3E-06 FR=1E-D& FR=1.801E-09
Q0=3.29999E-5 Q=0.95999%E-7 Q=1.90100E-9

227

GT302 | Bvaoo | [ Evant
Q=1.T58D0E-7
FR=1.85E-08 FR=1.85E-08
| Q=1.85000E-3 O=1.85000E-3
Other Voltage Owvercurrent
Transient
Ev404 GT328 GT327
0=9.73000E-8 0=3.23000E-8
FR=4.62E-08
Q=4.62000E-3
Voltage Voltage Motar Owercurrent
Transient Transient QOwvercurrent Causes Bearing
Causes Bearing Failure
Failure
| evas || Evazse || Evae || Evar ]
FR=1.39E-07 Q=07 FR=3.23E-07 Q=01
Q=1.39000E-7 Q=7.00000E-1 Q=3.23000E-7 Q=1.00000E-1




March 2021 Final Report, Reliability and Safety Assessment of Urban Air Mobility Concept Vehicles, Contract No. 80ARC020F0055, GTRI Document
No. D9015A001R2, April 2021

(Quadcopter Hybrid FTA Continued)
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(Quadcopter Hybrid FTA Continued)
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(Quadcopter Hybrid FTA Continued)
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(Quadcopter Hybrid FTA Continued)
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(Quadcopter Hybrid FTA Continued)
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Appendix C - Figure 3: Quadcopter Turboshaft FTA
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(Quadcopter Turboshaft FTA Continued)
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Appendix C - Figure 4: Hexacopter Collective FTA
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(Hexacopter Collective FTA Continued)
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(Hexacopter Collective FTA Continued)
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(Hexacopter Collective FTA Continued)

Winding Failure

GT304

Q=1.32381E6
|

‘Winding Short Open Circuit
Circuit

£

GT306 GT307
Q=1.29008E6 Q=4 62000E-8
T
Insulator Failuire Overcurrent Voltage

Transient

GT331
Q=1.33000E-8
I

GT308 GT330
Q=1.29008E-6 Q=3.23000E-8

T

Motor High Overcurrent Motor High Voltage Motor Overcurrent Voltage Voltage
Voltage Tempreature Transient Owercurrent Causes Open Transient Transient
Circuit Causes Open
Circuit
GT332 GT334 [ evsz |[ eva ][ Evas |[ evam |
Q=9.69000E-8 Q=8 60378E-7 Q=272000E-8
I
FR=323E-07
Q=3.23000E-7 Q=1
Motor Overcurrent Motor High Motor High Voltage Voltage
Overcurrent Causes Insulator Temperature Temperature Transient Transient
Failure Causes Insulator Causes Insulator
Failure Failure

NS NI N e RN

[ evez |[ Evas ][ Evams | GTs82 [ evas  |[ Evam |
Q=2.1509565
FR=323E-07 Q=04 FR Q

Q=3.23000E-7

241



March 2021 Final Report, Reliability and Safety Assessment of Urban Air Mobility Concept Vehicles, Contract No. 80ARC020F0055, GTRI Document
No. D9015A001R2, April 2021

(Hexacopter Collective FTA Continued)
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(Hexacopter Collective FTA Continued)
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(Hexacopter Collective FTA Continued)
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(Hexacopter Collective FTA Continued)
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(Hexacopter Collective FTA Continued)
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Appendix C - Figure 5: Hexacopter RPM FTA
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(Hexacopter RPM FTA Continued)
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(Hexacopter RPM FTA Continued)
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(Hexacopter RPM FTA Continued)
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(Hexacopter RPM FTA Continued)
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(Hexacopter RPM FTA Continued)

Energy Storage Battery
System Failure Management
Failure

TP P33
Q=7.84TE3E-5 Q=1.27500E-6
— ——

Energy Storage Battery Cells L Battery Fail Sensc_:r Failure
System Cooling Failure Causing BMS
Failure Failure
TP34 TPS5 Evi14 GTo2T
Q=2 15095E5 Q=6.77243E6 Lo
L 1 =T 1]
FR=1.01E-08
‘ Q=1.01100E-6 ‘
Trigger Cooling Cooling Cell Failure Battery Sensor Fail BMS Failure
Failure Component Management
Failure Failure
D A1 A
GTEH TP52 TPE3 O=SGZ-;?]?]?]E-?
Q=4 30189E-6 Q=5.61283E-5 Q=1.27500E-6 .
T | |
5 ‘ 5 Battery Battery Voltage Battery Current
Pipe Failure, Dual Pump Compressor, Temperature Sensor Fault Sensor Fault
Leakage Failure Condenser, Heat Sensor Fault
Exchanger
[ Bwzar || evizzo || evize | | |

257



March 2021 Final Report, Reliability and Safety Assessment of Urban Air Mobility Concept Vehicles, Contract No. 80ARC020F0055, GTRI Document

No. D9015A001R2, April 2021

(Hexacopter RPM FTA Continued)

Energy
Distribution
Failure
I
TP114
QO=4 3T000E-T
Fuse Failure Contactor Failure Connection
Failure
GT3ED GTS70
Q=1.48000E-7 0=1.43000E-7
High Owvercurrent High Voltage High Overcurrent High Voltage
Temperature Temperature
[ EBviao || Evian EV1412 EV1413 EV1414 EV1415
FR=5.96E-08 FR=4.47E-08 FR=4 4TE-03 FR=5. '-‘~€>E- 3 FR=4 4TE-03 FR=4.47E-08
Q=5.96000E-3 Q=4 4TOD0E-3 Q=4 4TOO0E-B Q=4 4TOO0E-3 Q=4 4TOD0E-3

258




March 2021 Final Report, Reliability and Safety Assessment of Urban Air Mobility Concept Vehicles, Contract No. 80ARC020F0055, GTRI Document
No. D9015A001R2, April 2021

(Hexacopter RPM FTA Continued)
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Appendix C - Figure 6: Octocopter RPM FTA
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(Octocopter RPM FTA Continued)
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(Octocopter RPM FTA Continued)
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(Octocopter RPM FTA Continued)
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(Octocopter RPM FTA Continued)
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(Octocopter RPM FTA Continued)
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(Octocopter RPM FTA Continued)
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(Octocopter RPM FTA Continued)
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(Octocopter RPM FTA Continued)
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APPENDIX D :DYNAMIC EVENT TREE (DET) RESULTS
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Table D1.1: Quadcopter Electric DET (Single Faults)

1st
Flight
Injected = Minor Major Critical Catastrophic
. Phase
Failure
Takeoff None None None None
ED - No Climb None None None None
Torque Cruise None None None None
Landing None None None None
Takeoff None None None None

ED - Low Climb None None None None

Torque
(SL-3) Cruise None None None None

Landing None None None None
Takeoff None None None None

ED - Low Climb None None None None

Torque
(SL-2) Cruise None None None None

Landing None None None None
Takeoff None None None None

ED - Low Climb None None None None

Torque
(SL-1) Cruise None None None None

Landing None None None None
Power limit state
Takeoff
ED None error None None
. Power limit state
High Climb
None error None None
Torque
(SL-1) Cruise None None None None
Landing None None None None
Takeoff None None None None
ED -

Torque Climb None None None None
Ripple Cruise None None None None
(SL-1)

Landing None None None None
Takeoff None None None None
ED -

Torque Climb None None None None
Ripple Cruise None None None None
(SL-2)

Landing None None None None
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Table D1.1: Quadcopter Electric (Single Faults) (Continued)

Flight
1st Injected Failure Phise Minor Major Critical Catastrophic
Takeoff None None None None
ED - Torque Ripple (SL- Climb None None None None
3) Cruise None None None None
Landing None None None None
Takeoff None None None None
Climb None None None None
ED - Short Circuit 1
Cruise None None None None
Landing None None None None
Takeoff None None None None
Climb None None None None
ED - Short Circuit 2
Cruise None None None None
Landing None None None None
Takeoff None None None None
Climb None None None None
ED - Short Circuit 2
Cruise None None None None
Landing None None None None
Takeoff None None None None
Climb None None None None
ED - Short Circuit 3
Cruise None None None None
Landing None None None None
Takeoff None None None None
Climb None None None None
Actuator 1
Cruise None None None None
Landing None None None None
Takeoff None None None None
Climb None None None None
Actuator 2
Cruise None None None None
Landing None None None None
Takeoff None None None None
TS- Front left motor Climb None None None None
isolated Cruise None None None None
Landing None None None None

SL =Severity Level
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Table D1.1: Quadcopter Electric DET (Single Faults) (Continued)

1st Injected Flight
,j . Minor Major Critical Catastrophic
Failure Phase
RPM too low for
Takeoff N N N
akeo one one one cross-shafted aircraft
RPM too low for
Climb None None None
TS - Soft failure cross-shafted aircraft
SL-3 RPM too low fi
( ) Cruise None None None o0 ow. or
cross-shafted aircraft
RPM too low for
Landi N N N
anding one one one cross-shafted aircraft
Li del velocit
Takeoff None None None inear mode! veloctty
exceeded
. . Linear model velocity
TS - Soft failure Climb None None None
exceeded
(SL-2)
Cruise None None None None
Landing None None None None
Takeoff None None None None
TS - Soft failure Climb None None None None
(sL-1) Cruise None None None None
Landing None None None None

SL = Severity Level

Bold red text signifies that case outcome crosses EASA threshold cutoff probability values: Catastrophic failures (10-°) & Critical failures (107)
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APPENDIX D: DYNAMIC EVENT TREE (DET) ANALYSIS

Table D1.2: Quadcopter Electric/Hybrid DET (ED-ED Faults) (Same Rotor)

1st Injected Mission | 2nd Injected Mission . . . .
Minor Major Critical Catastrophic
Failure Phase Failure Phase I . ™ P
ED - No Takeoff None None None None
Takeoff
ED - No Torque Cruise None None None None
Torque
ED-N
Cruise © Landing None None None None
Torque
Takeoff None None None None
Takeoff Tol:;)u-eL((;VLv 1)
ED-No Cruise None None None None
Torque
ED - Low
Cruise Landin None None None None
Torque (SL-1) J
£D- No . ED-.Torque ‘
Cruise Ripple Landing None None None None
Torque
(SL-3)
ED, ) Short None None None None
Circuit 1
ED - No ED - Short
Cruise L Landing None None None None
Torque Circuit 2
ED - Sh
R S_ ort None None None None
Circuit 3
Takeoff None None None None
ED - No
Takeoff
ED - Low Toraue Crui N N N N
ruise one one one one
Torque (SL1)
X ED - No .
Cruise Landing None None None None
Torque
Takeoff None None None None
Takeoff ED - Low
ED - Low Torque (SL-1)
Torque Cruise None None None None
(sL1)
Cruise ED - Low Landin None None None None
ul |
Torque (SL-1) i
ED - Torque . ED - Low .
Cruise Landin None None None None
Ripple (SL-3) Torque (SL-1) &
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Table D1.2: Quadcopter Electric/Hybrid DET (ED-ED Faults) (Same Rotor) (Continued)

2nd
1st Injected Mission Mission
_j Injected Minor Major Critical Catastrophic
Failure Phase X Phase
Failure
ED - Short
. None None None None
Circuit 1
ED - Short N
. or Cruise ° Landing None None None None
Circuit 2 Torque
ED - Short
L None None None None
Circuit 3
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APPENDIX D: DYNAMIC EVENT TREE (DET) ANALYSIS

Table D1.3: Quadcopter Electric/Hybrid DET (ED-ACT Faults) (Two Rotors)

1st 2nd
Mission Mission
Injected Injected Minor Major Critical Catastrophic
X Phase X Phase
Failure Failure
Takeoff None None None None
ED - No Takeoff Actuator 1
Cruise None None None None
torque
Cruise Actuator 1 Landing None None None None
Takeoff None None None None
ED - Low Takeoff Actuator 1
Cruise None None None None
torque
Cruise Actuator 1 Landing None None None None
ED - Torque Takeoff Cruise None None None None
. Actuator 1
ripple Cruise Landing None None None None
ED - Sh
. S, ort None None None None
circuit 1
ED - Short
L Cruise Actuator 1 Landing None None None None
circuit 2
ED - Short
. None None None None
circuit 3
ED - No Takeoff None None None None
Takeoff
Actuator 1 torque Cruise None None None None
ED - No
Cruise Landing None None None None
torque
ED - Low Takeoff None None None None
Takeoff
Actuator 1 torque Cruise None None None None
. ED - Low .
Cruise Landing None None None None
torque
Takeoff ED - Torque Cruise None None None None
Actuator 1 .
Cruise ripple Landing None None None None
ED - Sh
R S_ ort None None None None
circuit 1
ED - Short
Actuator 1 Cruise L Landing None None None None
circuit 2
ED - Short
L None None None None
circuit 3
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APPENDIX D: DYNAMIC EVENT TREE (DET) ANALYSIS

Table D1.4: Quadcopter Electric/Hybrid DET (ACT-TS Faults) (Same Rotor) (Continued)

1st Injected Flight 2nd Injected Flight . . i .
Failure Phase Failure Phase Minor Major Critical Catastrophic
TS - Soft failure Takeoff Actuator 1 Takeoff None None None None
SL-1 -
(5L-1) Cruise None None None None
Cruise Actuator 1 Landing None None None None
TS - Soft failure Takeoff Actuator 1 Takeoff
- None None None Over-G
(SL-2)
Cruise None None None Over-G
Cruise Actuator 1 Landing None None None None
TS - Soft failure Takeoff Actuator 1 Takeoff RPM too low for
(SL-3) None None None cross-shafted
aircraft
Cruise RPM too low for
None None None cross-shafted
aircraft
Cruise Actuator 1 Landing RPM too low for
None None None cross-shafted
aircraft
Actuator 1 Takeoff TS - Soft failure Takeoff None None None None
(SL-1) -
Cruise None None None None
Cruise TS - Soft failure Landing None None None None
(SL-1)
Actuator 1 Takeoff TS - Soft failure Takeoff None None None Over-G
(SL-2) -
Cruise None None None None
Cruise TS - Soft failure Landing None None None None
(SL-2)
Actuator 1 Takeoff TS - Soft failure Takeoff RPM too low for
(SL-3) None None None cross-shafted
aircraft
Cruise RPM too low for
None None None cross-shafted
aircraft
Cruise TS - Soft failure Landing RPM too low for
(SL-3) None None None cross-shafted
aircraft

SL = Severity Level
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APPENDIX D: DYNAMIC EVENT TREE (DET) ANALYSIS

Table D1.5: Quadcopter Electric/Hybrid DET (ED-TS Faults) (Same Rotor)

1st
Flight 2nd Injected Flight
Injected B : ) B Minor Major Critical Catastrophic
X Phase Failure Phase
Failure
Linear model
TS - Soft Takeoff None None None velocity
Takeoff .
ED - No failure (SL-1) exceeded
torque Cruise None None None None
TS - Soft
Cruise . © Landing None None None None
failure (SL-1)
RPM too low for
TS - Soft Takeoff None None None cross-shafted
Takeoff . ircraf
ED - No failure (SL-2) aircraft
torque Cruise None None None None
TS - Soft
Cruise Landin None None None None
u failure (SL-2) g
RPM too low for
Takeoff None None None cross-shafted
TS - Sof aircraft
Takeoff . 5 - Soft :
£D - No failure (SL-3) RPM too low for
Cruise None None None cross-shafted
torque .
aircraft
. TS - Soft . RPM too low for
Cruise . Landing None None None cross-shafted
failure (SL-3) .
aircraft
Takeoff None None None None
Takeoff TS - Soft
R failure (SL-1)
Torque Cruise None None None None
(SL-1)
TS - Soft
Cruise failure (SL-1) Landing None None None None
RPM too low for
Takeoff None None None cross-shafted
Takeoff TS - Soft aircraft
R failure (SL-2)
Torque Cruise None None None None
(SL-1)
TS - Soft
i L i N N N N
Cruise failure (SL-2) anding one one one one

SL =Severity Level
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Table D1.5: Quadcopter Electric/Hybrid DET (ED-TS Faults) (Same Rotor) (Continued)

1st

2nd

Flight Flight
Injected B Injected B Minor Major Critical Catastrophic
X Phase X Phase
Failure Failure
RPM too low for
Takeoff None None None cross-shafted
TS - Soft aircraft
Takeoff failure

ED - Low (5L-3) RPM too low for

Torque Cruise None None None cross-shafted
(SL-1) aircraft

TS - Soft RPM too low for
Cruise failure Landing None None None cross-shafted
(SL-3) aircraft
Linear Model
ED - No Takeoff None None None .
Takeoff Velocity Exceeded
TS - Soft torque
. 4 Cruise None None None None
failure
(SL-1) ED - No RPM too low for
Cruise Landing None None None cross-shafted
torque .
aircraft
RPM too low for
Takeoff None None None cross-shafted
aircraft
Takeoff ED - No L|n.e3r Model

TS - Soft torque Velocity exceeded;
failure Cruise None None None Motor
(SL-2) temperature too

hot
RPM too low for
. ED - No .
Cruise Landing None None None cross-shafted
torque .
aircraft
RPM too low for
Takeoff None None None cross-shafted
R ircraf
Takeoff ED - No aircraft

TS - Soft torque RPM too low for
failure Cruise None None None cross-shafted
(SL-3) aircraft

RPM | fi
. ED - No ' too low for
Cruise Landing None None None cross-shafted
torque )
aircraft

TS - Soft
failure Landing None None None None
(SL-1)

TS - Soft ED - Low Motor
failure Cruise Torque Landing None None None temperature too
(SL-2) (SL-1) hot

TS - Soft RPM too low for
failure Landing None None None cross-shafted
(SL-3) aircraft
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Table D1.6: Quadcopter Electric/Hybrid DET (ED-ED Faults) (Two Rotors)

APPENDIX D: DYNAMIC EVENT TREE (DET) ANALYSIS

1st Injected Mission Mission Critic
_j 2nd Injected Failure Minor Major Catastrophic
Failure Phase Phase al
RPM too low fi
Takeoff None None None 0o OW, or
cross-shafted aircraft
Takeoff ED - No Torque RPM to0 low f
ED - No Torque Cruise None None None 00 OW_ or
cross-shafted aircraft
. . RPM too low for
Cruise ED - No Torque Landing None None None .
cross-shafted aircraft
RPM too low for
Takeoff None None None .
ED - Low Torque cross-shafted aircraft
Takeoff
(SL-1)
ED - No Torque Cruise None None None None
ED - Low Torque
Cruise q Landing None None None None
(SL-1)
ED - Torque Ripple
ED - No Torque Cruise (Sc|4_u3) PP Landing None None None None
ED - Short Circuit 1 None None None RPM too low for
1.5 cross-shafted aircraft
ED - Short Circuit 2
ED - No Torque Cruise 25 Landing None None None None
ED - Short Circuit 3 None None None RPM too low for
1.5 cross-shafted aircraft
RPM too low fi
Takeoff None None None 00 OW_ or
cross-shafted aircraft
ED - Low Takeoff ED - No Torque
Torque Cruise None None None None
(SL-1)
Cruise ED - No Torque Landing None None None None
Takeoff None None None None
ED - Low Torque
ED - Low Takeoff (SL-l)
Torque Cruise None None None None
(SL-1)
ED - Low Torque
Cruise w Torqu Landing None None None None
(sL-1)
ED - Torque
Ripple Cruise ED - No Torque Landing None None None None
(SL-3)
Short Circuit 1 None None None RPM too low for
1.5 cross-shafted aircraft
Short Circuit 2
or zlgcw Cruise ED - No Torque Landing None None None None
Short Circuit 3 RPM too low for
None None None

15

cross-shafted aircraft
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APPENDIX D: DYNAMIC EVENT TREE (DET) ANALYSIS

Table D2.1: Quadcopter Hybrid DET (Single Faults)

1st
Flight
Injected = Minor Major Critical Catastrophic
. Phase
Failure
Takeoff None None None None
ED - No Climb None None None None
Torque Cruise None None None None
Landing None None None None
Takeoff None None None None

ED - Low Climb None None None None

Torque
(SL-3) Cruise None None None None

Landing None None None None
Takeoff None None None None

ED - Low Climb None None None None

Torque
(SL-2) Cruise None None None None

Landing None None None None
Takeoff None None None None

ED - Low Climb None None None None

Torque
(SL-1) Cruise None None None None

Landing None None None None
Takeoff None None None None
ED -
High Climb None None None None

Torque Cruise None None None None
(SL-1)

Landing None None None None
Takeoff None None None None
ED -

Torque Climb None None None None
Ripple Cruise None None None None
(SL-1)

Landing None None None None
Takeoff None None None None
ED -

Torque Climb None None None None
Ripple Cruise None None None None
(SL-2)

Landing None None None None
Takeoff None None None None
ED -

Torque Climb None None None None
Ripple Cruise None None None None
(SL-3)

Landing None None None None

SL = Severity Level
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Table D2.1: Quadcopter Hybrid DET (Single Faults) (Continued)

1st Injected Flight
_j e Minor Major Critical Catastrophic
Failure Phase
Takeoff None None None None
ED - Short Climb None None None None
Circuit 1 Cruise None None None None
Landing None None None None
Takeoff None None None None
ED - Short Climb None None None None
Circuit 2 Cruise None None None None
Landing None None None None
Takeoff None None None None
ED - Short Climb None None None None
Circuit 2 Cruise None None None None
Landing None None None None
Takeoff None None None None
ED - Short Climb None None None None
Circuit 3 Cruise None None None None
Landing None None None None
Takeoff None None None None
Climb None None None None
Actuator 1
Cruise None None None None
Landing None None None None
Takeoff None None None None
Climb None None None None
Actuator 2
Cruise None None None None
Landing None None None None
Takeoff None None None None
TS- Front left Climb None None None None
motor
isolated Cruise None None None None
Landing None None None None
RPM too | f
Takeoff None None None o0 ow' or
cross-shafted aircraft
. RPM too low for
Climb None None None .
TS - Soft cross-shafted aircraft
failure (SL-3) i RPM too low for
Cruise None None None .
cross-shafted aircraft
RPM too low for
Landin None None None
& cross-shafted aircraft

SL = Severity Level

Bold red text signifies that case outcome crosses EASA threshold cutoff probability values: Catastrophic failures (10°) & Critical failures (107)
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Table D2.1: Quadcopter Hybrid DET (Single Faults) (Continued)

1st Injected Flight
_j e Minor Major Critical Catastrophic
Failure Phase
Li del velocit
Takeoff None None None inear modet velocity
exceeded
Linear model velocit
TS - Soft Climb None None None xceeded v
failure (SL-2) exceede
Cruise None None None None
Landing None None None None
Takeoff None None None None
TS - Soft Climb None None None None
failure (SL-1) Cruise None None None None
Landing None None None None
Takeoff None None None None
Turbine- Climb None None None None
generator
(SL-1) Cruise None None None None
Landing None None None None
Takeoff None None None None
Turbine- Climb None None None None
generator
(SL-2) Cruise None None None None
Landing None None None None
Battery current
Takeoff M .u None None Over-G
too high
f Battery current
Turbine- Climb ¥ £8 None None Over-G
generator too high
. . Battery current .
(sL-3) Cruise v R None Emergency Landing None
too high
Landing None None None None

SL =Severity Level

Bold red text signifies that case outcome crosses EASA threshold cutoff probability values: Catastrophic failures (10-°) & Critical failures (107)
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APPENDIX D: DYNAMIC EVENT TREE (DET) ANALYSIS

Table D3.1: Quadcopter Turboshaft DET (Single Faults)

15:::;;:::“ ;:i:: Minor Major Critical Catastrophic

Takeoff None None None None
Turboshaft Climb None None None None
Engine - OE| Cruise None None None None
Landing None None None None
Takeoff None None None None
TS soft failure Climb None None None None
(st-1) Cruise None None None None
Landing None None None None
Takeoff None None None None
TS soft failure Climb None None None None
(sL-2) Cruise None None None None
Landing None None None None
Takeoff None None None None
TS soft failure Climb None None None None
(SL-3) Cruise None None None None
Landing None None None None
Takeoff None None None None
Climb None None None None

Actuator 1
Cruise None None None None
Landing None None None None
Takeoff None None None None
Climb None None None None

Actuator 2
Cruise None None None None
Landing None None None None

SL = Severity Level
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APPENDIX D: DYNAMIC EVENT TREE (DET) ANALYSIS

Table D3.2: Quadcopter Turboshaft DET (ACT-TS Faults) (Same Rotor)

2nd
1st Inj Fligh Fligh
st 'TjeCted ight Injected ight Minor Major Critical Catastrophic
Failure Phase . Phase
Failure
Takeoff Actuator Climb None None None None
1 -
TS - Soft Cruise None None None None
failure (SL-3) Croi Actuat T
rulse ¢ ula or anding None None None None
Takeoff TS - Soft Climb None None None None
failure -
(SL-3) Cruise None None None None
Actuator 1 - -
Cruise TS - Soft Landing
failure None None None None
(SL-3)

SL =Severity Level
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APPENDIX D: DYNAMIC EVENT TREE (DET) ANALYSIS

Table D4.1: Hexacopter Collective Control DET (Single Faults)
SL = Severity Level

1st Injected Flight
_j = Minor Major Critical Catastrophic
Failure Phase
Takeoff None None None None
Climb None None None None
ED - No Torque
Cruise None None None None
Landing None None None None
Takeoff None None None None
ED - Low Torque Climb None None None None
(5L-3) Cruise None None None None
Landing None None None None
Takeoff None None None None
ED - Low Torque Climb None None None None
L-2 B
(5L-2) Cruise None None None None
Landing None None None None
Takeoff Motor temperature
None None too hot None
ED - Low Torque Climb Motor temperature
None None too hot None
(sL-1)
Cruise None None None None
Landing None None None None
Takeoff None None None None
ED - High Torque Climb None None None None
(sL-1) Cruise Motor temperature
None None too hot None
Landing None None None None
Takeoff None None None None
ED - Torque Climb None None None None
Rippl L-1 :
ipple (SL-1) Cruise None None None None
Landing None None None None
Takeoff None None None None
ED - Torque Climb None None None None
Ripple (SL-2) Cruise None None None None
Landing None None None None
Takeoff None None None None
ED - Torque Climb None None None None
Ripple (SL-3) Cruise None None None None
Landing None None None None

Bold red text signifies that case outcome crosses EASA threshold cutoff probability values: Catastrophic failures (10-°) & Critical failures (107)
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Table D4.1: Hexacopter Collective Control DET (Single Faults) (Continued)
SL = Severity Level

1st Injected Failure Flight Phase Minor Major Critical Catastrophic

Takeoff None None None None
Climb None None None None

ED - Short Circuit 1
Cruise None None None None
Landing None None None None
Takeoff None None None None
Climb None None None None

ED - Short Circuit 2
Cruise None None None None
Landing None None None None
Takeoff None None None None
Climb None None None None

ED - Short Circuit 2
Cruise None None None None
Landing None None None None
Takeoff None None None None
Climb None None None None

ED - Short Circuit 3
Cruise None None None None
Landing None None None None
Takeoff None None None None
Climb None None None None

Actuator 1
Cruise None None None None
Landing None None None None
Takeoff None None None None
Climb None None None None
Actuator 2

Cruise None None None None
Landing None None None None
Takeoff None None None None
Climb None None None None

TS soft failure (SL-1)
Cruise None None None None
Landing None None None None
Takeoff None None None None
Climb None None None None

TS soft failure (SL-2)
Cruise None None None None
Landing None None None None
Takeoff None None None None
Climb None None None None

TS soft failure (SL-3)
Cruise None None None None
Landing None None None None
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APPENDIX D: DYNAMIC EVENT TREE (DET) ANALYSIS

Table D4.2: Hexacopter Collective Control DET (ED-ED Faults) (Same Rotor)

1st Injected Flight 2nd Injected
_j = .l Flight Phase Minor Major Critical Catastrophic
Failure Phase Failure
ED - Short
. or Landing None None None None
circuit 1
ED - Short
ED - No Torque Cruise L or Landing None None None None
circuit 2
ED - Short .
. Landing None None None None
circuit 3
ED - No Takeoff None None None None
Takeoff
ED - Low Torque Cruise None None None None
torque
ED - No
Cruise Landing None None None None
Torque
ED - Sh
. S. ort None None None None
circuit 1
ED - Short ED - No
L Cruise Landing None None None None
circuit 2 Torque
ED - Sh
R S_ ort None None None None
circuit 3
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Table D4.3: Hexacopter Collective Control DET (ED-ACT Faults) (Same Rotor)

APPENDIX D: DYNAMIC EVENT TREE (DET) ANALYSIS

1st Injected Mission | 2nd Injected | Mission . . " .
) ) Minor Major Critical Catastrophic
Failure Phase Failure Phase
Takeoff None None None None
ED - No Takeoff Actuator 1
Cruise None None None None
Torque
Cruise Actuator 1 Landing None None None None
Motor
Takeoff None None temperature too None
Takeoff | Actuator 1 hot
akeo ctuator
ED - Low Motor
torque Cruise None None temperature too None
hot
Cruise Actuator 1 Landing None None None None
ED - Torque Takeoff Cruise None None None None
. Actuator 1
ripple Cruise Landing None None None None
ED - Short
. or None None None None
circuit 1
ED - Short
L Cruise Actuator 1 Landing None None None None
circuit 2
ED - Short
. or None None None None
circuit 3
ED - No Takeoff None None None None
Takeoff
Actuator 1 Torque Cruise None None None None
ED - No
Cruise Landing None None None None
Torque
Motor
ED - Low Takeoff None None temperature too None
Takeoff hot
Actuator 1 torque
Cruise None None None None
. ED - Low X
Cruise Landing None None None None
torque
Takeoff ED - Torque Cruise None None None None
Actuator 1 .
Cruise ripple Landing None None None None
ED - Short
. Landing None None None None
circuit 1
Short circuit
Actuator 1 Cruise ) Landing None None None None
Short circuit
3 Landing None None None None
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APPENDIX D: DYNAMIC EVENT TREE (DET) ANALYSIS

Table D5.1: Hexacopter RPM Control DET (Single Faults)
SL = Severity Level

1st Injected Flight . . " .
.j = Minor Major Critical Catastrophic
Failure Phase
Takeoff None None None Inconclusivet
Climb None None None Inconclusivet
ED - No
Torque
Cruise None Inconclusivet Inconclusivet Inconclusivet
Landing Inconclusivet None Inconclusivet Inconclusivet
Takeoff None None None Inconclusivet
Climb None None None Inconclusivet
ED - Low
Torque (SL-3)
Cruise None Inconclusivet Inconclusivet Inconclusivet
Landing Inconclusivet None Inconclusivet Inconclusivet
Takeoff None None None Inconclusivet
Climb None None None Inconclusivet
ED - Low
Torque (SL-2)
Cruise None Inconclusivet None None
Landing Inconclusivet None Inconclusivet Inconclusivet
Takeoff None None Inconclusivet Inconclusivet
Climb None Inconclusivet Inconclusivet Inconclusivet
ED - Low
Torque (SL-1)
Cruise Inconclusivet None None None
Landing Inconclusivet None Inconclusivet None

Bold red text signifies that case outcome crosses EASA threshold cutoff probability values: Catastrophic failures (10-°) & Critical failures (107)
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Table D5.1: Hexacopter RPM Control DET (Single Faults) (Continued)
SL = Severity Level

1st Injected Flight
,j 8 Minor Major Critical Catastrophic
Failure Phase
Takeoff None None None Inconclusivet
Climb None None None Inconclusivet
ED - High
Torque (SL-1)
Cruise None None Inconclusivet None
Landing None None Inconclusivet None
Takeoff None None None None
Climb None None None None
ED - Torque
Ripple (SL-1)
Cruise None None None None
Landing None None None None
Takeoff None None None None
Climb None None None None
ED - Torque
Ripple (SL-2)
Cruise None None None None
Landing None None None None
Takeoff None None None None
Climb None None None None
ED - Torque
Ripple (SL-3)
Cruise None None None None
Landing None None None None

Bold red text signifies that case outcome crosses EASA threshold cutoff probability values: Catastrophic failures (10°) & Critical failures (107)
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Table D5.1: Hexacopter RPM Control DET (Single Faults) (Continued)

1st Injected Flight
,j 8 Minor Major Critical Catastrophic
Failure Phase
Takeoff None None None Inconclusivet
. et
ED - Short Climb None None None Inconclusive
Circuit 1 -
1.5 . . . .
Cruise None Inconclusivet Inconclusivet Inconclusivet
Landing Inconclusivet None Inconclusivet Inconclusivet
Takeoff None None None None
Climb None None None Inconclusivet
ED - Short
Circuit 2
Cruise None None None None
Landing None None None None
Takeoff None None None None
Climb None None None None
ED - Short
Circuit 2
Cruise None None None None
Landing None None None None
Takeoff None None None Inconclusivet
Climb None None None Inconclusivet
ED - Short
Circuit 3
Cruise None Inconclusivet Inconclusivet Inconclusivet
Landing Inconclusivet None Inconclusivet Inconclusivet

Bold red text signifies that case outcome crosses EASA threshold cutoff probability values: Catastrophic failures (10-°) & Critical failures (107)
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Table D5.1: Hexacopter RPM Control DET (Single Faults) (Continued)

1st Inj Fligh . . . o
st r‘mjected ight Minor Major Critical Catastrophic
Failure Phase
Takeoff None None None None
TS - Lowest Climb None None None None
Efficiency
(St-1) Cruise None None None None
Landing None None None None
Takeoff None None None None
Climb None None None None
TS - Lower
Efficiency
(St-2) Cruise None None None None
Landing None None None None
Takeoff None None None None
TS - Partial Climb None None None None
Efficiency
(St-3) Cruise None None None None
Landing None None None None
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APPENDIX D: DYNAMIC EVENT TREE (DET) ANALYSIS

Table D6.1: Octocopter RPM Control DET (Single Faults)
SL =Severity Level

1st Injected Flight . . " .
.j e Minor Major Critical Catastrophic
Failure Phase
Takeoff None None None Inconclusivet
Climb None None None Inconclusivet
ED - No
Torque
Cruise None Inconclusivet Inconclusivet Inconclusivet
Landing None None Inconclusivet Inconclusivet
Takeoff None None None Inconclusivet
Climb None None None Inconclusivet
ED - Low
Torque (SL-3)
Cruise None Inconclusivet Inconclusivet Inconclusivet
Landing None None Inconclusivet Inconclusivet
Takeoff None None None Inconclusivet
Climb None None None Inconclusivet
ED - Low
Torque (SL-2)
Cruise None Inconclusivet Inconclusivet Inconclusivet
Landing None None Inconclusivet Inconclusivet
Takeoff None None Inconclusivet None
Climb None None Inconclusivet None
ED - Low
Torque (SL-1)
Cruise Inconclusivet None None None
Landing None None Inconclusivet Inconclusivet

Bold red text signifies that case outcome crosses EASA threshold cutoff probability values: Catastrophic failures (10°) & Critical failures (107)
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Table D6.1: Octocopter RPM Control DET (Single Faults) (Continued)
SL = Severity Level

1st Injected
_j Flight Phase Minor Major Critical Catastrophic
Failure
Takeoff None None None Inconclusivet
ivet
Climb None Inconclusivet Inconclusivet Inconclusive
ED - High
Torque (SL-1)
Cruise None None Inconclusivet None
Landing None None Inconclusivet Inconclusivet
Takeoff None None None None
Climb None None None None
ED - Torque
Ripple (SL-1)
Cruise None None None None
Landing None None None None
Takeoff None None None None
Climb None None None None
ED - Torque
Ripple (SL-2)
Cruise None None None None
Landing None None None None
Takeoff None None None None
Climb None None None None
ED - Torque
Ripple (SL-3)
Cruise None None None None
Landing None None None None

Bold red text signifies that case outcome crosses EASA threshold cutoff probability values: Catastrophic failures (10-°) & Critical failures (107)
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Table D6.1: Octocopter RPM Control DET (Single Faults) (Continued)

1st Injected Flight
,j 8 Minor Major Critical Catastrophic
Failure Phase
Takeoff None None None Inconclusivet
Climb None Inconclusivet None Inconclusivet
ED - Short
Circuit 1
Cruise None Inconclusivet Inconclusivet Inconclusivet
Landing None None Inconclusivet Inconclusivet
Takeoff None None None None
Climb None None None Inconclusivet
ED - Short
Circuit 2
Cruise None None None None
Landing None None None None
Takeoff None None None None
Climb None None None None
ED - Short
Circuit 2
Cruise None None None None
Landing None None None None
Takeoff None None None Inconclusivet
Climb None Inconclusivet None Inconclusivet
ED - Short
Circuit 3
Cruise None Inconclusivet Inconclusivet Inconclusivet
Landing None None Inconclusivet Inconclusivet

Bold red text signifies that case outcome crosses EASA threshold cutoff probability values: Catastrophic failures (10-°) & Critical failures (107)
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Table D6.1: Octocopter RPM Control DET (Single Faults) (Continued)

1st Inj Fligh . . e o
st r‘mjected ight Minor Major Critical Catastrophic
Failure Phase
Takeoff None None None None
Takeoff None None None None
TS - Lowest
Efficiency
(St-1) Cruise None None None None
Landing None None None None
Takeoff None None None None
Takeoff None None None None
TS - Lower
Efficiency
(5t-2) Cruise None None None None
Landing None None None None
Takeoff None None None None
TS - partial Takeoff None None None None
Efficiency
(5L-3) Cruise None None None None
Landing None None None None
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APPENDIXE :DETAILED FMEA OF ELECTRIC DRIVES
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Table 43: FMEA summary for electric machines

Electric machine

Cause Failure rate Effect
High Voltage 33% 100% stator short circuit
30% stator short circuit
10% stator open circuit
Overcurrent = 35% 50% rotor demagnetization
= 10% bearing failure
.':: ~ 10% stator short circuit
Voltage Transient § w| 15% 20% stator open circuit
+ & 70% bearing failure
Other Failure (oil, dust, ...) § @ 5% 100% bearing failure
Eccentricity ‘§ 2% 100% mechanical
Shaft Failure w 2% 100% mechanical
Vibration 3% 100% mechanical
. 50% electrical
Manufacturing Defect 5% 50% mechanical
50% complete failure of the
machine
Cooling Failure — Liquid 4.30E-06 50 % overtemperature
(due to partial failure of the
cooling system)
Over Temperature 50% cooling 40% stator short circuit
(due to partial failure of the failure 10% core failure
cooling system) 50% rotor demagnetization
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Table 44: FMEA summary for electronic speed controller

Electronic Speed Controller
Cause Failure rate Effect
30% inverter open circuit
20% transistor short circuit
High Voltage . . L
's & S 30% DC capacitor open circuit
S 30%| 20% DC capacitor short circuit
o
Overcurrent 8 o 60% transistor short circuit
8 :' 30%| 40% DC capacitor short circuit
Voltage Transient g B 159 100% inverter open circuit
hd .
= 50% inverter fault
. . 5
Vibration L>= 15% 50% inverter fault
50% inverter|
Manufacturing Defect .
anutacturing Letec 10% 50% DC capacitor
Sensor Failure 4x1.76 E-7 100% Controller failure
LV Battery Failure 1.011E-06 100% Controller failure
50% Complete failure of the
machine
Cooling Failure — Liquid 4.30E-06 50% overtemperature
(due to partial failure of the
cooling system)
30% Inverter open circuit
Overtemperature . . -
. , 50% cooling 20% transistor short circuit|
(due to partial failure of the . . L
cooling system) failure 30% DC capacitor open circuit
85y 20% DC capacitor short circuit
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Table 45: FMEA summary for electronic power distribution

Electronic power distribution

Cause Failure rate Effect
fuse failure 1.49 E-7
high temperature 40%
overcurrent 30%)
high voltage 30%| )
- 100% failure of the
contactor failure 1.49E-7 .
electronic power
high temperature 40%|  distribution
overcurrent 30%)
voltage transient 30%|
connection
failure 1.39E-7

Table 46: FMEA summary for energy storage system

Energy Storage System

Cause Failure rate Effect
50% BMS fault
. 25% Internal short circuit
Sensor failure 3x1.76 E-7 25% Extreme
Charging/Discharging
50% Internal short circuit
Electric Distribution 4.37 E-7 50% Extreme
Charging/Discharging
Manufacturing Defect 1.0 E-6 100% Internal short circuit
Physical damage 3.1 E-07 100% Internal short circuit
External Overheating 1.0 E-6 30% Internal short circuit|
LV battery failure 1.01 E-06 100% Controller failure
50% Complete failure of the
Cooling failure —Liquid battery|
4.30E-6 50% Internal short circuit
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Table 47: Failure modes and causes defined for all the main components of the electric system. ESC:
electronic speed controller; BMS: battery management system; EM: electric motor; BP: battery pack.

Failure Torque Short circuit
N L High
ol o torque ow torque ripple igh torque modes 1,2,3
30% Rotor failure -
total demagnetization
30% Mechanical 70% Rotor failure -
failure [a] partial
izati EM windin
ESC, EM, or BP cooling demagnetization short circ |gt
failure - shutdown due [e] Current (single phause
to overtemperature 70% Mechanical sensor bi-ohase thre'e
failure [f] fault [h] prase
70% Electric 30% Electric phase) and ESC
(o] . .
distribution failure DC capacitor open Speed distribution short circuit
Failure (open contactor, burn circuit sensor failure (close (inverter or DC
fuse, connections) [b] fault [i] capacitor) [k]
Cause ! EM, ESC, BP reach contactor,
ESC controller failure warning _ E!V' short EM and ESC
except inverter or DC | temperature — ESC | Windingor | connection) turn off due o
capacitor short circuit derating Invert open .
[b] phase fault vehicle
70% Cell internal li] supervisory
BMS failure [c] failure [g] controller
request

30% Cell external
short circuit [d]

30% Cell internal short
circuit [d]

70% Cell external
failure [g]
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APPENDIXF : DETAILED MODEL OF ELECTRIC DRIVE FAULT

305



March 2021 Final Report, Reliability and Safety Assessment of Urban Air Mobility Concept Vehicles,
Contract No. 80ARC020F0055, GTRI Document No. D9015A001R2, April 2021

No Torque: iy = 0
Low Torque: i; = iy (before fault) - FaultVectorMotor
ig(before fault) represents the g-axis current request one simulation step before the fault is injected.

FaultVectorMotor= amplitude of the fault ]0,1[

ig(before fault)
FaultVectorMotor

High Torque: i; =
ig(before fault) represents the g-axis current request one simulation step before the fault is injected.

Torque Ripple: iy = ig + g - biasyqy - FaultVectorMotor - sin(P - 6,,)

1004

_ 6.,,= electric machine rotor angular position
number of rotors m 8 P

biasyq,x =

Short circuit 1:

If time <= fault_time_intersection, ig = ig(before fault) + 2iz(before fault) - (1 —

e —50(i-dt—FaultinjectTimeMotor) + 1)

If time > fault_time_intersection, i;; = 3i; (before fault) - e~5(-faulttime_intersection=In(2)+1)-dt

1/2
log (14*)
q
Faulttimeyygopseciion = ~ 25— + FaUltinjection, ,, + dt
Short circuit 2:
. FaultinjectTimeMotor . ,
i; — i; + 5((A _ B) . e(—z(z ai )-dt)+B)-sm(40-l-dt)~FaultVectrMotor

FaultinjectTimeMotor represents the time instant when the fault is injected.
A
A = FaultVectorMotor; B = >

Short circuit 3:

If time <= fault_time_intersection, ig = ig(before fault) + 2ig(before fault) - (1 —
e—50(i~dt—FaultInjectTimeMotor) + 1) + 100((A _ B) .

(—Z(i FaultInjectTimeMotor
e

)~dt)+B)-sin(40-i-dt)-FaultVectorMotor

dt
If i > fault_time_intersection, i = 3i;(before fault) - e~S(i-fault.time intersection-In(2)+1)-dt 4
._FaultInjectTimeMotor\ i .
100((A _ B) . e(—Z(l ot ) dt)+B) sin(40-i-dt)-FaultVectorMotor

A = FaultVectorMotor; B = 2
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APPENDIX G : CONVERSION FROM INDIVIDUAL ROTOR
COLLECTIVE PITCH TO COCKPIT INPUT
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The linear dynamic models include pitch effect in typical “cockpit” input: collective, cyclic (longitudinal
and lateral) and pedal input. In order to include the effect of individual pitch actuators, there is a need to
convert the input to individual rotor pitch 0; .

[01, 82,...8,]" = Ty[ug, uc, ug, uped], (49)
[ug, uc, Us, uped]’ =T,[ 04, 02, ... en]’ (50)

The conversion matrices are formulated as follows derived from the NASA provided linear model by using
. — . . a0
the partial derivatives for angular velocity and control input, P

Quadrotors:
1 -05 —-05 1 (51)
T, = 1 05 —-05 -1
1 -05 05 -1
1 0.5 0.5 1
0.25 0.25 0.25 0.25 (52)
T, = —-05 05 —-0.5 05
—-0.5 —-0.5 0.5 0.5
0.25 —-0.25 —-0.25 0.25
Hexacopter with pitch control:
1 -05 -05 1 (53)
1 -05 05 -1
T, = 1 0 -05 -1
1 0 0.5 1
1 05 =05 1
1 05 0.5 —
0.16 0.16 0.16 0.16 0.16 0.16 (54)

-05 -0.5 0 0 0.5 0.5
-0.25 025 -05 05 -0.25 0.25
0.13 -0.13 -0.25 0.25 0.13 0.13

TZ =

Itis understood that for the hexacopter, the transformation from 4 degrees of freedom to 6 and vice versa
represents a projection, but is considered appropriate given that the dynamic model is a function of the
cockpit input and not the individual rotor input.
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Firstly, the flapping coefficients, B, Bics - » Bns,» Bnec Where n is the number of rotors, are considered
unobservable states that therefore need to be ignored in the control synthesis. Additionally, the linear
models currently model the motor angular velocity, Q4,Q,, ..., Q, as states and not as input which will
be required in order to model the variable RPM vehicles.

This section will present the adaptation of the linear dynamic models through reduced order model
synthesis for the purpose of controller generation.

Angular velocity of the rotors

The model includes the angular velocity of the rotors Q4, Q,, ..., £, as states and the torque applied by
the motors 14,75, ..., T, as control input.

For the pitch control vehicle, the angular velocity of the rotors is not part of the controller, and the motors
will aim at keeping their velocities constant.

As an example, for the quadrotor vehicles, the state space model is:

X = Ax + Bju + B,w (55)
With:x = ,815, .Blc'.BZSJ BZCJB3S'B3C'B4S' .840 ]T (56)
' 91,92,9,3,04, uv,w,p,q,r, ¢; 9,ll)

u = [ug, ue, us, uped,rl,rz,r3,r4]T (57)
W = [Uyind, Ywind» Wwind> Pwind» QWind'rwind]T (58)
Is restructured as follows:

X _ Aqq A12] B11] n [Btaun] Bz1]w (59)

Q Az1 Az ot By, Btaus, B3,
it = [P e o B B B fre | (60

w,v,w,p,q,7,¢,0,P
u' = [uo,uc, U, uped,] (61)
T = [14, 7,73, 74]"

w = [uwind'Uwind'wwind'pwind' qwind'rwind]T (62)

With B; now split in B, and B, .

The model reduction aims at removing the angular velocity dynamics, and imposing the torque required
to keep the rotors spinning at the same velocity Q = 0.

Q=0=Ayx + Az Q + Biyu' + Bray,,T + Boyw (63)
T = =B,/ (A3;x + Az Q + Byyu' + By,w) (64)
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This formulation allows to be fed back into equation (59) to express the dynamics without the angular
velocity dynamics, as well as to formulate a linear expression for the additional torque required due to
change in vehicle state, control input and wind disturbance.

The airframe dynamics without the angular velocity becomes:

% = Apyx + Byt + Byyw—Biay Brauty (Aa1x + Ay Q + Byou'+ Byuw) (65)

Which can be simplified to:
% = (A11=Buraug; Brauyy A21)% + (Bi1—Brauyy Brauyy Ban)u' + (Bax = (66)
BtaullBtaugv Bjy)w

In summary, this model reduction removed the angular velocity dynamics, allowed to create an expression
for the torque required, as well as assigning directly the reaction torque due to the action of a control
input. This is apparent for the pedal input, which increase the collective pitch and consequently the torque
required on motors spinning in the positive direction, and vice versa on the motors spinning in the
negative direction.

For the electric quadrotor vehicle in hover, the coefficient of the A matrix representing 07 /0uUpeqq; in the
3¢ 10rad
52
unit input’

nominal model of equation (67) was and after model reduction, following equation (68),

rad
Z—S2

becomes ———.
unit input

It is important to note that Q are still part of the state vector. For the aircraft with RPM control, the ()
states are assumed to be control input for controller generation. The disadvantage of this formulation is
that the controller does not consider the transient effect of rotor ramp up and down on the aircraft
dynamics.

Flapping angles
The flapping states of the rotors are assumed to have a fast response compared to the

In summary, the states that are to be kept for controller design are:

x1 = [wv,w,p,qrd, 0, P]" (69)

States with dynamics to be removed for controller design:

X2 = [Bic) Bisi Bzcr Bas ---:.Bncr.gnsr]T (70)

Singular Perturbation method can be applied here to reduce the order of the linear models [1]. This is
performed by imposing the flapping rate of the rotors to zero, that is 1, Bis, -» Brer Bns = 0.

The initial state-space model is reorganized as follows:
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X1 _ [A11 A12] X1 [Bl]u (71)
X Ay Axp|X2 (B,

By removing x,, the dynamics of xX; can be expressed as follows:

Xy = [A1g — A12A23 Apq ]y + [By — A12A7; By lu (72)
The dynamic modes of the aircraft before and after the model order reduction is presented on Figure 71.
It can be seen that the higher frequency modes, dominated by flapping dynamics, are not present in the

ROM. However, the other roots are located at a similar location, which points to the fact that the ROM
might be appropriate for the controller generation.
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Figure 71: Roots of the linear dynamic model of the electric quadrotor in hover in the complex plane:
complete dynamic system (circles) and reduced order model (asterix). On the right is a “zoom” on the
origin of the complex plane where some of the roots are present.
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Table 48: Trim and control authority of the Hexacopter Pitch

v (ft/s) 0| 16.88 | 33.76 | 50.64 | 67.52 84.4 | 101.28 | 118.16 | 135.04 | 151.92 | 168.8
v knots 0 10 20 30 40 50 60 70 80 90 100
Torque

required

nominal

(Ib*ft)

Rotor 1 852.1 | 774.0 | 620.7 | 496.8 | 428.3 | 399.3 397.5 416.8 454.6 507.2 | 578.3
Rotor 2 852.1 | 774.0 | 620.7 | 496.8 | 428.3 | 399.3 397.5 416.8 454.6 507.2 | 578.3
Rotor 3 802.7 | 750.5 | 641.4 | 550.0 | 495.1 | 469.8 468.0 486.5 523.7 579.5 | 653.5
Rotor 4 802.7 | 750.5 | 641.4 | 550.0 | 495.1 | 469.8 468.0 486.5 523.7 579.5 | 653.5
Rotor 5 755.0 | 727.0 | 659.4 | 599.0 | 558.2 | 538.1 537.9 557.1 595.3 656.4 | 734.8
Rotor 6 755.0 | 727.0 | 659.4 | 599.0 | 558.2 | 538.1 537.9 557.1 595.3 656.4 | 734.8
Pitch Nominal

(deg)

Rotor 1 10.2 9.7 8.9 8.2 7.8 7.7 7.8 8.0 8.5 9.0 9.7
Rotor 2 10.2 9.7 8.9 8.2 7.8 7.7 7.8 8.0 8.5 9.0 9.7
Rotor 3 10.0 9.6 8.9 8.3 8.0 7.9 8.0 8.3 8.8 9.3 | 10.0
Rotor 4 10.0 9.6 8.9 8.3 8.0 7.9 8.0 8.3 8.8 9.3 | 10.0
Rotor 5 9.8 9.5 9.0 8.5 8.2 8.2 8.3 8.6 9.1 9.6 | 104
Rotor 6 9.8 9.5 9.0 8.5 8.2 8.2 8.3 8.6 9.1 9.6 | 104
Control

Authority

MAX

w (-) ft/sn2 -128 -128 -131 -136 -139 -144 | -153.1 -159.4 | -161.6 | -159.4 -149
w (+) ft/s"3 92.3 89.9 86.6 87.3 87.4 90.3 96.6 102.7 107.5 110.1 | 108.9
p (-) rad/s"2 -22.4 | -17.1 | -145| -124 | -11.1 | -10.0 -9.2 -8.3 -7.7 -7.2 -6.9
p (+) rad/s"2 22.4 17.1 14.5 12.4 11.1 10.0 9.2 8.3 7.7 7.2 6.9
q (-) rad/s"2 -18.8 | -18.5| -18.4 | -19.3 | -20.3 | -21.2 -22.0 -22.5 -22.9 -23.0 | -22.4
q (+) rad/s"2 18.6 18.4 18.5 19.5 20.6 21.6 22.4 22.9 23.4 235 | 229
r(-) rad/s"2 -0.6 -0.6 -0.6 -0.6 -0.6 -0.6 -0.6 -0.6 -0.6 -0.7 -0.8
r (+) rad/s"2 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.7 0.8

314




March 2021 Final Report, Reliability and Safety Assessment of Urban Air Mobility Concept Vehicles,
Contract No. 80ARC020F0055, GTRI Document No. D9015A001R2, April 2021

Table 49: Trim and control authority of the Hexacopter Pitch with motor 1 inoperative

v (ft/s) 0| 16.88 | 33.76 | 50.64 | 67.52 | 84.4 | 101.28 | 118.16 | 135.04 | 151.92 | 168.8
v knots 0 10 20 30 40 50 60 70 80 90 100
Torque

required with

Motor 1 out

(Ib*ft)

Rotor 1 627.8 | 634.3 | 505.9 | 385.3 | 309.8 | 274.7 | 2347 | 281.8 | 379.3 | 480.4 | 604.5
Rotor 2 1195.5 | 1015.1 | 799.0 | 643.3 | 564.2 | 552.7 | 617.5| 650.7 | 679.9 | 748.4 | 864.5
Rotor 3 1283.4 | 1051.3 | 860.8 | 749.3 | 678.4 | 700.2 | 845.5 | 881.2 | 8854 | 951.4 | 1079.7
Rotor 4 706.2 | 804.0 | 718.3 | 611.7 | 536.2 | 450.6 | 299.1 | 308.5 | 402.4 | 478.0 | 540.9
Rotor 5 802.7 | 8389 | 771.4 | 702.8 | 636.9 | 585.0 | 504.3 | 519.8 | 593.3 | 669.9 | 745.9
Rotor 6 5247 | 4425 | 395.8 | 378.4 | 374.3 | 3953 | 466.8 | 479.5| 465.2 | 481.7 | 4954
Pitch with

Motor 1 out

(deg)

Rotor 1

(imposed) 10.2 9.7 8.9 8.2 7.8 7.7 7.8 8.0 8.5 9.0 9.7
Rotor 2 14.9 140 | 12.7 | 118 | 11.2 11.2 12.1 14.0 12.2 12.1 15.3
Rotor 3 15.7 14.3 13.1 | 123 119 | 121 12.8 11.5 13.5 14.4 13.0
Rotor 4 11.6 12.5 12.0 | 11.0 | 104 9.4 7.2 5.9 9.3 10.7 9.3
Rotor 5 12.4 129 | 121 | 115 10.8 | 10.3 9.8 11.7 10.6 10.9 14.0
Rotor 6 3.5 24 2.1 2.2 2.6 3.3 4.9 5.1 4.8 4.9 5.3
Control

Authority with

one engine out

w (-) ft/s"2 -72.8 -73.5 | -76.2 | -81.1 | -86.7 | -91.0 -96.5 -99.8 | -101.6 | -102.3 -98.9
w (+) ft/s"3 67.9 66.1 | 63.8 | 623 | 62.6 | 64.2 67.5 70.3 72.6 73.8 73.9
p (-) rad/s"2 -13.7 -16.0 | -13.7 | -11.6 | -10.3 -9.2 -8.4 -7.4 -6.7 -6.1 -5.7
p (+) rad/s"2 21.6 18.2 15.4 | 13.2 11.8 | 10.8 10.1 9.2 8.6 8.2 8.1
q (-) rad/s"2 -12.9 -12.8 | -12.8 | -13.4 | -14.0 | -145 -14.8 -14.9 -14.8 -14.5 -13.7
q (+) rad/s"2 5.8 5.7 5.6 6.0 6.5 6.9 7.3 7.8 8.3 8.8 9.0
r(-) rad/s"2 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.6
r (+) rad/s"2 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.5 0.5 0.6
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Figure 72 Power to operate with rotor 1 inoperative compared to nominal power
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The same analysis was carried out on the RPM-control vehicles, as shown in Table 50 - Table 53. The
different in the analysis is that the control input [0 ... 8,,] is replaced by the angular velocity of the rotors
[Q; ...Q,].

Table 50: Trim and control authority of the Hexacopter RPM

v (ft/s) 0| 16.88 | 33.76 | 50.64 | 67.52 | 84.4 | 101.28 | 118.16 | 135.04 | 151.92 | 168.8
v knots 0 10 20 30 40 50 60 70 80 90 100
Torque

required

nominal (Ib*ft) | 758.5 | 702.5 | 579.9 | 466.4 | 395.8 | 361.5 | 353.6 | 366.0 | 398.3 | 440.3 | 489.3
Rotor 1 758.5 | 702.5 | 579.9 | 466.4 | 395.8 | 361.5 | 353.6 | 366.0 | 398.3 | 440.3 | 489.3
Rotor 2 723.5 | 685.3 | 598.9 | 519.6 | 468.9 | 444.6 | 442.1 | 4574 | 486.3 | 537.0 | 586.9
Rotor 3 723.5 | 685.3 | 598.9 | 519.6 | 468.9 | 444.6 | 442.1 | 457.4 | 486.3 | 537.0 | 586.9
Rotor 4 689.4 | 668.1 | 614.9 | 565.7 | 533.0 | 5185 | 521.4 | 540.1 | 571.3 | 610.6 | 678.8
Rotor 5 689.4 | 668.1 | 614.9 | 565.7 | 533.0 | 5185 | 521.4 | 540.1 | 571.3 | 610.6 | 678.8
Rotor 6

Omega

nominal (rad/s)

Rotor 1 53.7 52.0 | 489 | 46.4 | 452 | 449 45.2 45.9 46.9 48.3 | 49.9
Rotor 2 53.7 52.0 48.9 46.4 45.2 44.9 45.2 45.9 46.9 48.3 49.9
Rotor 3 52.5 513 | 49.1| 47.4| 46.6 | 46.6 47.0 47.9 49.2 50.7 | 52.5
Rotor 4 52.5 513 | 49.1| 474 | 46.6 | 46.6 47.0 47.9 49.2 50.7 | 52.5
Rotor 5 51.2 50.6 | 49.3 | 48.4 | 48.0 | 48.2 48.9 50.0 51.5 53.2 | 55.2
Rotor 6 51.2 50.6 | 49.3 | 48.4 | 48.0 | 48.2 48.9 50.0 51.5 53.2 | 55.2
Control

Authority MAX

w (-) ft/s"2 -29.9 | -28.7 | -26.8 | -26.5 | -26.8 | -27.3 -28.8 -29.9 -30.7 -31.8 | -33.5
w (+) ft/s"3 59.9 573 | 53.7| 53.0| 53.5| 54.6 57.6 59.9 61.4 63.7 | 67.1
p (-) rad/s"2 -10.1 -9.8 -9.5 -9.4 -9.2 -9.5 -10.2 -10.7 -11.0 -11.4 | -12.1
p (+) rad/s"2 10.1 9.8 9.5 9.4 9.2 9.5 10.2 10.7 11.0 114 | 121
q (-) rad/s"2 -8.1 -7.9 -7.8 -7.8 -7.8 -8.1 -8.4 -8.7 -9.1 -9.4 -9.9
q (+) rad/s"2 8.3 8.0 7.7 7.6 7.5 7.7 8.0 8.2 8.5 8.9 9.3
r (-) rad/s"2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2
r (+) rad/s"2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
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Table 51: Trim and control authority of the Hexacopter RPM with motor 1 inoperative

v (ft/s) 0 16.9 33.8 50.6 67.5 84 101 118 135 152 169
v knots 0 10 20 30 40 50 60 70 80 90 100
Treq with Motor
1 out (Ib*ft)
-11 -15 -38 -61 -76 -59 -25 14 60 103 105
1169 1113 922 797 691 625 591 587 611 652 671
1092 1021 936 816 731 664 648 654 684 750 741
1092 985 839 642 589 559 541 549 576 633 887
1100 1068 925 843 795 768 753 749 771 823 956
-81 -47 10 85 89 105 129 185 230 247 185
Omega with
Motor 1 out
(rad/s)
26.9 26.0 24.4 23.2 22.0 21.7 22.0 22.7 23.7 25.1 24.9
68.1 67.0 62.4 61.0 59.8 59.5 59.8 60.5 61.5 62.9 61.7
65.6 63.7 62.2 59.8 59.1 59.0 59.5 60.4 61.6 63.2 61.1
65.6 62.3 58.5 52.7 51.9 51.8 52.3 53.2 54.5 56.0 68.6
66.2 65.5 61.5 59.9 59.5 59.8 60.4 61.5 63.0 64.7 68.9
23.0 24.0 25.7 28.4 28.0 28.2 28.9 30.0 31.5 33.2 30.5
Control
Authority with
one engine out
w (-) ft/s"2 -14.1 -13.8 HitiH Hith HitiH Hith -14.0 -14.6 -15.0 -15.5 Hitt#
w (+) ft/s"3 44.1 42.5 40.0 39.7 40.2 41.1 43.4 45.2 46.2 48.0 50.5
p (-) rad/s"2 -4.8 -4.7 -4.6 -4.7 -4.8 -5.0 -5.5 -5.8 -6.0 -6.3 -6.7
p (+) rad/s"2 5.0 4.9 4.8 4.7 4.5 4.6 5.0 5.3 5.4 5.6 5.8
q (-) rad/s"2 -4.2 -4.1 -3.9 -4.0 -4.1 -4.3 -4.4 -4.6 -4.9 -5.1 -5.4
q (+) rad/s"2 3.9 3.8 3.7 3.7 3.7 3.8 4.0 4.1 4.2 4.4 4.6
r (-) rad/s"2 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1
r (+) rad/s"2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
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Figure 73 Power to operate with rotor 1 inoperative compared to nominal power
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Figure 74 Rotor angular velocity for the hexacopter with rpm control to trim with rotor 1 inoperative
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Table 52: Trim and control authority of the Octocopter RPM

v (ft/s) 0| 16.88 | 33.76 50.64 | 67.52 84.4 | 101.28 | 118.16 | 135.04 | 151.92 | 168.8
v knots 0 10 20 30 40 50 60 70 80 90 100
Torque

required

nominal (Ib*ft)

Rotor 1 567.1 | 526.5 | 436.5 352.3 | 299.2 272.8 266.2 274.9 299.2 328.9 | 366.3
Rotor 2 567.1 | 526.5 | 436.5 352.3 | 299.2 272.8 266.2 274.9 299.2 328.9 | 366.3
Rotor 3 551.8 | 520.2 | 450.5 387.3 | 347.6 328.6 326.0 336.8 358.1 393.7 | 430.7
Rotor 4 551.8 | 520.2 | 450.5 387.3 | 347.6 328.6 326.0 336.8 358.1 393.7 | 430.7
Rotor 5 536.3 | 513.7 | 4634 419.2 | 391.6 379.3 380.4 393.2 415.4 453.8 | 490.8
Rotor 6 536.3 | 513.7 | 4634 419.2 | 3916 379.3 380.4 393.2 415.4 453.8 | 490.8
Rotor 7 521.5 | 507.3 | 474.8 447.5 | 430.7 424.6 429.2 443.9 467.1 494.2 | 546.5
Rotor 8 521.5 | 507.3 | 474.8 447.5 | 430.7 424.6 429.2 443.9 467.1 494.2 | 546.5
Omega

nominal

(rad/s)

Rotor 1 58.9 57.1 53.7 51.1 49.8 49.4 49.7 50.5 51.7 53.2 54.9
Rotor 2 58.9 57.1 53.7 51.1 49.8 49.4 49.7 50.5 51.7 53.2 54.9
Rotor 3 58.1 56.8 54.1 52.1 51.2 51.0 51.5 52.5 53.8 55.4 57.3
Rotor 4 58.1 56.8 54.1 52.1 51.2 51.0 51.5 52.5 53.8 55.4 57.3
Rotor 5 57.3 56.3 54.4 53.1 52.6 52.7 53.4 54.4 55.9 57.7 59.7
Rotor 6 57.3 56.3 54.4 53.1 52.6 52.7 53.4 54.4 55.9 57.7 59.7
Rotor 7 56.5 55.9 54.8 54.1 53.9 54.3 55.1 56.4 58.0 59.9 62.1
Rotor 8 56.5 55.9 54.8 54.1 53.9 54.3 55.1 56.4 58.0 59.9 62.1
Control

Authority MAX

w (-) ft/s"2 -29.4 -283 | -26.6 -26.4 -26.0 -27.7 -29.0 -30.2 -31.5 -32.9 | -345
w (+) ft/s"3 58.9 56.6 53.3 52.7 51.9 55.5 58.0 60.5 63.1 65.9 69.0
p (-) rad/s"2 -10.4 -10.1 -9.9 -9.7 -9.4 -10.2 -10.7 -11.3 -12.0 -12.7 | -131
p (+) rad/s"2 10.4 10.1 9.9 9.7 9.4 10.2 10.7 11.3 12.0 12.7 13.1
q (-) rad/s"2 -6.7 -6.5 -6.3 -6.3 -6.4 -6.9 -7.1 -7.4 -7.7 -8.1 -8.5
q (+) rad/s"2 6.7 6.5 6.2 6.2 6.4 6.8 7.0 7.2 7.6 8.0 8.4
r (-) rad/s"2 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1
r (+) rad/s"2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
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Table 53 Trim and control authority of the Octocopter RPM with Motor 1 inoperative

v (ft/s) 0 16.88 | 33.76 50.64 67.52 84.4 | 101.28 | 118.16 | 135.04 | 151.92 | 168.8
v knots 0 10 20 30 40 50 60 70 80 90 100
Torque

required with

Motor 1 out

(Ib*ft)

Rotor 1 -8.9 -11.0 -27.9 -43.6 -47.0 -43.7 -11.4 13.3 40.0 61.4 87.6
Rotor 2 891.2 | 1039.5 | 853.1 589.6 -46.7 413.3 283.1 390.2 556.4 113.8 | 294.9
Rotor 3 1461.4 209.3 | 184.4 | 1276.1 | 1191.3 | -1256.0 608.7 549.2 929.5 768.0 | 784.0
Rotor 4 376.4 978.9 | 937.1 -941.4 | 1164.1 | 1231.2 423.1 412.9 -162.2 572.9 | 506.9
Rotor 5 655.0 936.2 | 771.2 | 1497.2 -110.7 | 1434.9 571.9 538.6 718.4 661.9 | 742.0
Rotor 6 -268.6 -128.6 -139 730.7 -114.2 | 1185.0 213.5 63.7 -3.8 583.5 | 479.0
Rotor 7 93.2 945.7 | 926.4 -1098 468.9 | 12439 232.9 354.0 -152.1 184.1 | 228.3
Rotor 8 1154.9 164.1 | 147.7 | 1223.2 496.6 | -1368.3 474.0 538.4 | 1135.3 408.2 | 557.2
Omega with

Motor 1 out

(rad/s)

Rotor 1

(imposed) 29.5 28.6 26.9 25.5 24.9 24.7 24.9 25.3 25.8 26.6 27.5
Rotor 2 75.5 84.4 77.8 66.7 24.9 60.7 51.4 61.7 77.3 31.9 48.0
Rotor 3 105.2 40.2 38.7 107.2 108.4 -69.4 76.8 73.4 110.5 91.2 88.8
Rotor 4 49.0 81.2 82.0 -30.5 106.6 119.8 59.8 59.5 2.1 72.5 64.0
Rotor 5 63.5 79.1 71.9 118.5 18.7 132.0 67.5 65.4 79.9 74.4 80.1
Rotor 6 15.1 21.8 20.3 71.9 18.5 109.6 40.3 28.9 22.7 68.0 58.6
Rotor 7 33.6 79.7 80.3 -37.6 57.1 110.1 41.0 49.1 6.4 34.4 37.9
Rotor 8 90.3 37.3 36.3 100.1 58.9 -70.4 58.5 64.3 113.7 52.8 62.9
Control

Authority

with one

engine out

w (-) ft/sn2 -13.2 -12.7 -12.1 -12.0 -11.7 -12.8 -13.6 -14.3 -15.1 -15.9 -16.6
w (+) ft/s"3 449 43.2 40.9 40.7 40.3 43.2 45.2 47.3 49.4 51.6 54.0
p (-) rad/s"2 -6.2 -6.1 -6.1 -6.1 -6.1 -6.7 -7.0 -7.5 -8.0 -8.6 -8.8
p (+) rad/s"2 9.0 8.8 8.7 8.5 8.3 9.1 9.5 10.0 10.7 11.3 11.7
q (-) rad/s"2 -4.3 -4.1 -4.1 -4.2 -4.4 -4.7 -4.9 -5.1 -5.4 -5.7 -5.9
q (+) rad/s"2 3.6 3.5 3.3 3.3 3.3 3.5 3.7 3.9 4.1 4.3 4.5
r (-) rad/s"2 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1
r (+) rad/s"2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
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Figure 75 Power to operate with rotor 1 inoperative compared to nominal power

Q) rad/s

Figure 76 Rotor angular velocity for the octocopter with rpm control to trim with rotor 1 inoperative
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APPENDIX K : NOMINAL FLIGHT FOR THE DIFFERENT
AIRCRAFT

323



March 2021 Final Report, Reliability and Safety Assessment of Urban Air Mobility Concept Vehicles,
Contract No. 80ARC020F0055, GTRI Document No. D9015A001R2, April 2021

Quadcopter Electric

Figure 77 through Figure 80 show nominal mission characteristics for the quad electric vehicle. Figure 77
shows the translational velocity profile on the left and the translational displacement profile on the right.
As can be seen, the vehicle follows the NDARC design mission closely with the desired vertical and
horizontal velocities. The timed hover sections can be seen as well. Figure 78 shows the smooth angular
velocity and displacement profiles. Figure 79 shows the rotor angular velocity and electric machine power
profile where there can be seen that the angular velocities for the four rotors are equal to each other, as
is expected due to the cross-shafting, and that the magnitude is constant outside some small magnitude
excursions during transient flight phases. The electric machine power profile shows that the all four
motors are well below the Intermediate Rated Power (IRP) and only cross the Maximum Continuous
Power (MCP) during the take off and climb section. Figure 80 shows the heat map and the battery profile.
Similar to Figure 79, the heat map shows that the torque limit approaches but doesn’t cross the limit, and
that the angular velocity of the motor stays constant throughout the nominal flight. The battery model
shows a relatively linear discharge of the battery with the battery operation staying within the defined
power limit.
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Figure 77 Quad Electric Nominal Translational Velocity Profile (LEFT) and Translational Displacement
Profile (RIGHT)
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Figure 80 Quad Electric Heat Map (LEFT) and Battery Profile (RIGHT)
Quadcopter Turboshaft

Figure 81 to Figure 83 show the results of the nominal simulation for the quadrotor aircraft powered by
the two turboshaft engines. The results are similar to the electric quadrotor, except for the results
expressed in Figure 83 which are related to the turbine output. The low pressure and high pressure spool
speeds and the power output of the turbine are expressed as a function of time. The low pressure spool,
the spool from which the power is extracted stays relatively constant throughout the mission, while the
high pressure spool velocity changes with the changes in power demands. It is important to note that the
power output of the turbine is for one turbine only, and consequently, the power output of the combined
turbines is twice as much. Given that the aircraft is performing only a longitudinal acceleration and that
no wind is present, the lateral dynamic were omitted for the simulation.
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Figure 81 Quad with Turboshaft Nominal Translational Velocity Profile (LEFT) and Translational
Displacement Profile (RIGHT)

3 T 5 T
p phi
q theta
2t ] o —— psi
1F , S 5h y‘/
(9]
— o
2 n :
o =
() =]
g, nW,,,,,nVAVAJ, N ‘J' 2 0|
2 v v 4]
© o
= 2 nvn
1t T 5
2 -20
3 . . , . . . . , . 25 . . . . , . . . ,
0 200 400 600 800 1000 1200 1400 1600 1800 2000 0 200 400 600 800 1000 1200 1400 1600 1800 2000
time (s) time (s)

Figure 82 Quad with Turboshaft Nominal Angular Velocity Profile (LEFT) and Angular Displacement
Profile (RIGHT)

327



March 2021 Final Report, Reliability and Safety Assessment of Urban Air Mobility Concept Vehicles,
Contract No. 80ARC020F0055, GTRI Document No. D9015A001R2, April 2021

x10*

W
_‘/W ,
- W”ﬁf — ]

~

T
HP| |

4
©

I
=)

250
|

200

o o
[N

o
T

150 | || ‘
I

o

Turbine Spool RPM
o o
o ©

Turbine Power Output (hp)

a —

|

100 \_/ 5.4
5.2

50 1 5 L NN h |
4.8

o . . . . . . . . . . . . . . . . .
0 200 400 600 800 1000 1200 1400 1600 1800 2000 0 200 400 600 800 1000 1200 1400 1600 1800
time (s) time (s)

Figure 83 Quad with Turboshaft Turbine Power Output (LEFT) and Turbine Spool Speeds (RIGHT)

Quadcopter Hybrid

Figure 84 through Figure 88 show nominal mission characteristics for the quadcopter hybrid vehicle.
Figure 84 shows the translation velocity and displacement profile. The profile looks very similar to the
qguad electric vehicle but the cruise speed is faster for this configuration. Figure 85 shows the angular
velocity and displacement nominal profile. As for the quad electric, some oscillations can be seen during
the transient periods which are nicely damped and contained. The results in Figure 87 and Figure 88 are
very similar to the quad electric except for the battery model. Given that the aircraft is performing only a
longitudinal acceleration and that no wind is present, the lateral dynamic were omitted for the simulation.
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Figure 84 Quad Hybrid Nominal Translational Velocity Profile (LEFT) and Translational Displacement
Profile (RIGHT)
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Figure 87 Quad Hybrid Nominal Rotor Angular Velocity (LEFT) and Electric Machine Power Profile
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Figure 88 Quad Hybrid Heat Map (LEFT) and Battery Profile (RIGHT)

Hexacopter Variable Pitch

Figure 89 through Figure 92 show nominal mission characteristics for the hexacopter variable pitch
vehicle. Figure 89 shows the translational velocity profile on the left and the translational displacement
profile on the right which is identical to the quad electric flight. Figure 90 shows the smooth angular
velocity and displacement profiles which is also very similar as the quad electric. Figure 91 shows the rotor
angular velocity and electric machine power profile for the six motors. As can be seen, the angular
velocities for the six rotors is kept nearly constant for the variable pitch configuration. The electric
machine power profile shows that the all six motors are below the Intermediate Rated Power (IRP) and
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cross the Maximum Continuous Power (MCP) during the take off and climb section. Figure 92 shows the
heat map and the battery profile for the hexacopter variable pitch vehicle.
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Figure 89 Hexacopter Variable Pitch Nominal Translational Velocity Profile (LEFT) and Translational
Displacement Profile (RIGHT)
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Power Profile (RIGHT)
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Figure 92 Hexacopter Variable Pitch Heat Map (LEFT) and Battery Profile (RIGHT)

Hexacopter Variable RPM

Figure 93 through Figure 96 show nominal mission characteristics for the hexacopter variable RPM vehicle.
Figure 93 shows the translational velocity profile on the left and the translational displacement profile on
the right. The flight profile is different to the hexacopter variable RPM in that the hexacopter variable
RPM vehicle operates at a slower cruise velocity. Figure 94 shows angular velocity and displacement
profile. Slightly more oscillations can be seen for the variable RPM vehicle as compared to the variable
pitch hexacopter due to the tuning of the controller, yet the behavior is still satisfactory. Figure 95 shows
the rotor angular velocity and electric machine power profile for the six motors. The time history for the
angular velocities of the rotors show the differential between the motors required for vehicle control.
Figure 96 shows the heat map and the battery profile.
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Figure 93 Hexacopter Variable RPM Nominal Translational Velocity Profile (LEFT) and Translational
Displacement Profile (RIGHT)
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Figure 95 Hexacopter Variable RPM Nominal Rotor Angular Velocity (LEFT) and Electric Machine
Power Profile (RIGHT)

200 0.9 430 —~ 60
g
2420 5
150 0.8 @ 250
g 5
- - S 410 g
= E - >
= 100 L &> Efficiency -z - 0.7 % 5 40
=< T@MCP } =~ & 400 <
-
T 50F Tare | -~ = 0.6 5
z - = P @MCP |= 390 O30
o - = P@RP 0 500 1000 1500 2000 0 500 1000 1500 2000
= 0 TEM1 0.5 Time (s) Time (s)
£ O TEM2
< O TEM3 |~ 3000 1
g -50 O TEM4 ~ = 0.4 Power Available
g O TEM5 [ T~ =~ = . Power Requested 0.8
(s} ; -
= qo0fl O TEMe N - 03 Ezooo 206
H O 04
-150 0.2 & 1000
0.2
-200 0.1 0 - 0
0 2000 4000 6000 8000 10000 12000 0 500 1000 1500 2000 0 500 1000 1500 2000
Time (s) Time (s)

Speed (rpm)

Figure 96 Hexacopter Variable RPM Heat Map (LEFT) and Battery Profile (RIGHT)

Octocopter Variable RPM

Figure 97 through Figure 100 show nominal mission characteristics for the octocopter variable RPM
vehicle. The translational velocity profile and the translational displacement profile are very similar to the
hexacopter variable RPM vehicle given that the cruise velocity is equal. Figure 98 shows angular velocity
and displacement profile. Similar to the hexacopter variable RPM vehicle, some oscillations can be seen
due to the tuning of the controller, yet the behavior is still satisfactory. Figure 99 shows the rotor angular
velocity and electric machine power profile for the eight motors. Figure 100 shows the heat map and the
battery profile.
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Figure 97 Octocopter Variable RPM Nominal Translational Velocity Profile (LEFT) and Translational
Displacement Profile (RIGHT)
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Figure 100 Octocopter Variable RPM Heat Map (LEFT) and Battery Profile (RIGHT)
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APPENDIXL :EMERGENCY MANEUVER
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As discussed in Section 1.4, an emergency maneuver is triggered when certain threshold conditions
are met in the simulation. A simulated emergency maneuver for the quad electric vehicle starting at 200
seconds into the simulation can be seen in Figure 101 through Figure 104. As can be seen in Figure 101,
once the emergency maneuver is started the guidance and navigation module commands to
simultaneously slow the aircraft down and decrease its altitude such that zero horizontal velocity is
achieved when the altitude is zero. The rate of descend is 15 ft/s for the remainder of the maneuver.
Although Figure 102 shows a larger pitch response of the vehicle during the maneuver, stability is
maintained throughout. Figure 103 shows that the motors practically idle for a short duration when the
vehicle is slowing down and descending simultaneously.
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This section shows for each configuration verification plots for the OEI/OMI fault injection at 200
seconds in motor/engine 1.

Quadrotor Electric OMI

Figure 105 through Figure 108 show time histories for relevant parameters for an OMI condition in motor
1 after 200 sec for the quadcopter electric configuration. As can be seen, the vehicle sees minimal impact
thanks to the cross-shafting architecture and is able to continue the mission. The electric machine power
approaches the IRP rating of the motors during the continuation of the climb but settles back around MCP
during the cruise.
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Figure 108 Quad Electric OMI Heat Map (LEFT) and Battery Profile (RIGHT)

Quadrotor Hybrid OEI

No OEI condition is included for the quadrotor hybrid configuration. Due to the inherent configuration of
the quadrotor hybrid, a loss of one motor would results in a loss of the one and only turboshaft engine.
The exercise at this point becomes a measure of how well the emergency landing can be achieved using
the flight battery.

It was noted during the simulation that for the operation with a failed turbogenerator, that the battery
discharge rate was too high. Consequently, the battery was upsized by a factor of 2 to be able to operate
with a realistic discharge rate.
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Quadrotor Turboshaft OEI

The turboshaft with one engine inoperative operates in a similar way as the nominal configuration, except
that the full power required is transferred to a single turbine after the fault. The high pressure turbine
spool goes up after the fault, as shown in Figure 109.
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Figure 109 Spool dynamics after engine fault at t=200s

Hexacopter Variable Pitch OMI

Figure 110 through Figure 113 show time histories for relevant parameters for an OMI condition in motor
1 after 200 sec for the hexacopter variable pitch vehicle. As can be seen, the vehicle attitude attains a
stable condition after the fault occurs and the vehicle is able to continue the mission. The results show
that motor 3 approaches the IRP limit for the continuation of the climb but then settles back around the
MCP limit.
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Figure 113 Hexacopter Variable Pitch OMI Heat Map (LEFT) and Battery Profile (RIGHT)

Hexacopter Variable RPM OMI

Figure 110 through Figure 113 show time histories for relevant parameters for an OMI condition in motor
1 after 200 sec for the hexacopter variable RPM vehicle. As can be seen, the vehicle response sees more
transient as compared to the hexacopter variable pitch configuration and stable flight can’t be achieved
after the fault. One interesting observation is that a fault in motor 1 results in motor 6 approaching idle

which is the diagonal opposite motor. The hexacopter variable RPM vehicle effectively becomes a
qguadrotor configuration.

345



March 2021 Final Report, Reliability and Safety Assessment of Urban Air Mobility Concept Vehicles,

Contract No. 80ARC020F0055, GTRI Document No. D9015A001R2, April 2021

5
350 . 28 ey
Xdot I X
| Ydot 5% -~ - Xeom
300 Zdot =P
- - - - Xdotdes nc_
250 + = = = = Ydotdes 22 > - . L L
7d 0 50 100 150 200 250 300
otdes .
time (s)
200 _ 200F '
= g
R e 0 -—=\-
=4 150 7 2 00}
B K Y
S o -400 - === Ycom 1
w / L L 1
100 - / 0 50 100 150 200 250 300
7 time (s)
Y
50 4 . 0
= z
:
.8 -2000 1
0 3
o
o
4000 S S P
-50 L L L L L 0 50 100 150 200 250 300
50 100 150 200 250 300 time (s)
time (s)

Figure 114 Hexacopter Variable RPM OMI Translational Velocity Profile (LEFT) and Translational

Displacement Profile (RIGHT)

20 T 120
P phi
15+ q 100 -
r
10+ 80
51 > 60F
[}
—_— =)
N i e @ 40
g 0 N E’
1:« @
= -5 K} 20 -
- 2
A0t T 0
51 20 -
-20 -40
25 . . . . i 60 . . . . .
50 100 150 200 250 300 0 50 100 150 200 250 300
time (s) time (s)

Figure 115 Hexacopter Variable RPM OMI Angular Velocity Profile (LEFT) and Angular Displacement
Profile (RIGHT)

346



March 2021 Final Report, Reliability and Safety Assessment of Urban Air Mobility Concept Vehicles,
Contract No. 80ARC020F0055, GTRI Document No. D9015A001R2, April 2021

Omegas
70 T /_)IXQI 160
/ v 140
60 -
Q\'\ / _ 120
=)
-‘/\/f £ P
50 - % 100 f'/‘-".
o
o | A j '.\\__
5 80 R
g Vi N\
40+ £ - \\ ]
8 6o \/
Q, (rad/s) g EM1
30F €, (rad/s) % anl Emi
Qy (rad/s) %j EM4
!24 (rad/s) 20 EMS
20 F 0, (rad/s) EME
€ (rad/s) or MCP GT-0SU
IRP GT-0SU
10 . . . . . 20 . . . . . i
0 50 100 150 200 250 300 0 50 100 150 200 250 300
time (s) time (s)

Figure 116 Hexacopter Variable RPM OMI Rotor Angular Velocity (LEFT) and Electric Machine Power

Profile (RIGHT)
200 0.9 430 ~34
g
S © 33
150 0.8 S 420 o
> £32
] 2
- —— =) =
= t - s o
s 100 | €& Efficiency P 07 % 410 S 8
= T@MCP |, < <
= - o =30
5 s0b T @IRP _ - - 0.6 o
5 - — P@VCP |~ 400 S 29
£ - = P@RP 0 100 200 300 0 100 200 300
= 0 TEM1 0.5 Time (s) Time (s)
£ O TEM2
=S O TEM3 |~ 3000 ;
g -50 TEM4 =~ = 0.4 Power Available
T o TeEws ! -~ o~ = . Power Requested 0.8
e O TEM6 < == Z 2000
-100 f ~ _ 03 = 206
\ = g ) 0
4
-150 02 S 1000
s 0.2
-200 0.1 0 0
0 2000 4000 6000 8000 10000 12000 0 100 200 300 o 100 200 300
Speed (rpm) Time (s) Time (s)

Figure 117 Hexacopter Variable RPM OMI Heat Map (LEFT) and Battery Profile (RIGHT)

Octocopter Variable RPM OMI

Figure 118 through Figure 121 show time histories for relevant parameters for an OMI condition in motor
1 after 200 sec for the octocopter variable RPM vehicle. As can be seen, the vehicle response contains
similar transients as the hexacopter variable RPM configuration and stable flight can’t be achieved after
the fault. As can be seen, the loss of power in motor 1 redistributes the necessary increase in power of
the remaining engines more evenly than the hexacopter variable RPM vehicle.
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This appendix presents the simulation results for hexacopter with pitch control, hexacopter with rom
control and octocopter with rpm control for the following cases: nominal operation, wind operation, and
operation with a no-torque condition during the initial phase of flight.

In order to simulate the whole mission for the cases with one engine inoperative, there is a need to have
a system that can successfully complete the whole mission. Consequently, the motors for the RPM-control
are upsized, according to the GT-OSU OMI guidelines (see Section X).

Hexacopter Pitch Control

Nominal Operation

Hex Pitch Nominal

<
o

160

EM1
EM2
EM3
EN4
EMS
EME
MCP GT-0SU | |

IRP GT-08U

e
®

-
=
=

Qe

=

e
o

-
[
=1

e
)

Probability
o

e
=]
®

[=*}
=}

Electric Machine Power [hp]
5]
=
b=l
(=]
»

=l
(=]
5

60 [

=
<}
(S}

o

40 L L L L L L L
o 50 100 150 200 250 300 350 400 50 60 70 80 90 100 110 120 130

time (s) Required Power (hp)

Figure 122: Hexacopter with pitch control during takeoff, acceleration and climb: Power as a function
of time and power bucket distribution
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Figure 123: Hexacopter with pitch control during cruise: Power as a function of time and power bucket
distribution
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Figure 124: Hexacopter with pitch control descent and landing: Power as a function of time and power
bucket distribution

Operations with wind disturbances
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Figure 125: Hexacopter with pitch control during takeoff, acceleration and climb: Power as a function
of time and power bucket distribution
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Operation with one engine inoperative
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Figure 128: Hexacopter with pitch control: Power as a function of time and power bucket distribution
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Hexacopter with RPM Control

Nominal Operation
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Figure 129: Hexacopter with RPM control during takeoff, acceleration and climb: Power as a function of
time and power bucket distribution
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Figure 131: Hexacopter with RPM control descent and landing: Power as a function of time and power
bucket distribution
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Operations with wind disturbances
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Figure 132: Hexacopter with RPM control during takeoff, acceleration and climb: Power as a function of
time and power bucket distribution
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Figure 133: Hexacopter with RPM control during cruise: Power as a function of time and power bucket
distribution
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Figure 134: Hexacopter with RPM control descent and landing: Power as a function of time and power
bucket distribution

Operation with one motor inoperative
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Figure 135: Hexacopter with RPM control: Power as a function of time and power bucket distribution
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Octocopter with RPM Control
Nominal Operation
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Figure 136: Octocopter with RPM control during takeoff, acceleration and climb: Power as a function of
time and power bucket distribution
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Figure 137: Octocopter with RPM control during cruise: Power as a function of time and power bucket
distribution
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Figure 138: Octocopter with RPM control descent and landing: Power as a function of time and power
bucket distribution

Operation under wind disturbances
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Figure 139: Octocopter with RPM control during takeoff, acceleration and climb: Power as a function of
time and power bucket distribution
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Figure 140: Octocopter with RPM control during cruise: Power as a function of time and power bucket

distribution
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Figure 141: Octocopter with RPM control descent and landing: Power as a function of time and power
bucket distribution
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Operation with one engine inoperative
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Figure 142: Hexacopter with RPM control: Power as a function of time and power bucket distribution

Summary Tables

Table M1: Hexacopter Variable Pitch Nominal Power Analysis

0,
Mean (h) Max () “pandudth (p)
Takeoff Cruise Landing Takeoff Cruise Landing Takeoff Cruise Landing
Motor 1 79.7 54.3 66.0 110.3 54.4 80.7 92.0 54.3 78.5
Motor 2 79.7 54.3 66.0 110.3 54.4 80.7 92.0 54.3 78.5
Motor 3 85.0 61.4 64.3 120.6 61.4 76.0 99.5 61.4 74.0
Motor 4 85.0 61.4 64.3 120.6 61.4 76.0 99.5 61.4 74.0
Motor 5 91.6 69.0 62.3 133.2 69.0 71.4 110.5 69.0 69.6
Motor 6 91.6 69.0 62.3 133.2 69.0 71.4 110.5 69.0 69.6

Table M2: Hexacopter Variable Pitch Wind Power Analysis

°
e ) wx o it
Takeoff Cruise Landing Takeoff Cruise Landing Takeoff Cruise Landing
Motor 1 78.8 54.9 65.2 110.4 88.2 100.7 99.2 73.4 87.0
Motor 2 78.8 55.0 65.5 117.2 87.9 101.5 97.0 74.4 87.3
Motor 3 83.4 62.0 63.7 121.3 94.9 93.6 105.3 82.3 81.3
Motor 4 83.4 62.0 63.7 126.8 94.6 92.8 104.8 82.6 814
Motor 5 89.4 69.7 61.8 132.7 112.1 94.6 117.1 91.2 79.2
Motor 6 89.4 69.7 62.0 141.6 106.8 89.2 116.5 92.9 79.5
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Table M3: Hexacopter Variable Pitch OMI Power Analysis

Mean (hp) Max (hp) 95% Upper Power Bandwidth (hp)
Mission Mission Mission
Motor 1 Motor 1 out Motor 1 out Motor 1 out
Motor 2 89.1 138.8 115.4
Motor 3 106.0 168.2 144.4
Motor 4 56.5 114.8 104.9
Motor 5 76.0 130.2 103.0
Motor 6 67.3 142.5 115.6

Table M4: Hexacopter Variable RPM Nominal Power Analysis

0,
e ) i
Takeoff Cruise Landing Takeoff Cruise Landing Takeoff Cruise Landing
Motor 1 67.9 38.7 61.3 96.2 38.7 75.1 85.9 38.7 74.1
Motor 2 67.9 38.7 61.3 96.2 38.7 75.1 85.9 38.7 74.1
Motor 3 73.7 51.7 59.5 106.9 51.7 69.9 90.1 51.7 69.0
Motor 4 73.7 51.7 59.5 106.9 51.7 69.9 90.1 51.7 69.0
Motor 5 76.7 59.2 56.8 106.9 59.2 65.0 94.4 59.2 64.2
Motor 6 76.7 59.2 56.8 106.9 59.2 65.0 94.4 59.2 64.2

Table M5: Hexacopter Variable RPM Wind Power Analysis

95% Upper Power

Mean (hp) Max (hp) Bandwidth (hp)
Takeoff Cruise Landing Takeoff Cruise Landing Takeoff Cruise Landing
Motor 1 68.2 39.2 62.1 107.0 65.6 90.3 92.7 51.2 80.7
Motor 2 67.0 39.9 63.1 117.0 65.1 93.9 92.2 53.1 82.5
Motor 3 73.4 52.5 60.7 124.8 79.1 88.6 97.8 65.8 77.3

Motor 4 73.4 53.1 60.0 120.0 78.5 83.4 100.9 67.1 74.9
Motor 5 76.9 60.0 56.9 119.1 86.2 79.8 105.1 73.8 72.0
Motor 6 75.8 60.7 57.8 128.9 91.4 84.0 103.8 75.2 73.3

363



March 2021 Final Report, Reliability and Safety Assessment of Urban Air Mobility Concept Vehicles,
Contract No. 80ARC020F0055, GTRI Document No. D9015A001R2, April 2021

Table M6: Hexacopter Variable RPM OMI Power Analysis

Mean (hp) Max (hp) 95% Upper Power Bandwidth (hp)
Mission Mission Mission

Motor 1 Motor 1 out Motor 1 out Motor 1 out

Motor 2 92.1 181.8 139.7

Motor 3 105.3 211.3 158.8

Motor 4 108.5 271.1 161.6

Motor 5 114.6 232.1 173.2

Motor 6 0.7 67.1 2.9

Table M7: Octocopter Variable RPM Nominal Power Analysis

0,
e ) i
Takeoff Cruise Landing Takeoff Cruise Landing Takeoff Cruise Landing
Motor 1 56.4 325 50.5 78.3 325 61.7 72.9 325 60.8
Motor 2 56.4 325 50.5 78.3 325 61.7 72.9 325 60.8
Motor 3 62.6 41.2 50.1 90.0 41.2 59.2 76.8 41.2 58.3
Motor 4 62.6 41.2 50.1 90.0 41.2 59.2 76.8 41.2 58.3
Motor 5 63.1 45.6 49.1 90.4 45.6 56.7 82.6 45.6 55.9
Motor 6 63.1 45.6 49.1 90.4 45.6 56.7 82.7 45.6 55.9
Motor 7 71.8 56.3 48.2 103.1 56.3 56.3 91.3 56.3 53.8
Motor 8 71.8 56.3 48.2 103.1 56.3 56.3 91.3 56.3 53.8

Table M8: Octocopter Variable RPM Wind Power Analysis

°
) s e
Takeoff Cruise Landing Takeoff Cruise Landing Takeoff Cruise Landing
Motor 1 56.1 34.1 51.2 88.0 56.0 72.8 78.5 45.2 65.4
Motor 2 56.4 33.6 51.3 89.8 66.1 74.8 75.6 44.8 66.0
Motor 3 63.0 42.2 50.3 95.7 83.2 70.8 82.8 56.2 62.9
Motor 4 61.7 43.5 51.0 103.8 72.8 70.9 91.4 57.4 62.9
Motor 5 62.7 47.4 49.6 99.6 67.6 67.6 89.5 58.2 61.1
Motor 6 63.2 46.7 49.6 101.8 76.6 69.7 84.1 57.0 61.0
Motor 7 72.2 57.3 48.1 111.2 98.5 67.0 98.4 72.4 59.9
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Motor 8 " 70.5 58.7 48.8 117.5 89.1 70.3 106.0 75.1 61.3

Table M9: Octocopter Variable RPM OMI Power Analysis

Mean (hp) Max (hp) 95% Upper Power Bandwidth (hp)
Mission Mission Mission
Motor 1 Motor 1 out Motor 1 out Motor 1 out
Motor 2 69.1 183.3 110.3
Motor 3 95.1 269.7 155.2
Motor 4 62.7 158.2 110.9
Motor 5 84.9 241.0 149.4
Motor 6 42.4 96.6 77.9
Motor 7 58.6 150.1 107.3
Motor 8 28.2 59.0 38.4
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APPENDIX O : RPM VEHICLE MOTOR SIZE ANALYSIS
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The DET evaluation for the hexacopter RPM vehicle and octocopter RPM vehicle shows that with the GT-
OSU motors for the majority of the faults either critical or catastrophic outcomes are achieved. A natural
subsequent question that arises is if this is due to motor sizing. Figure 143 through Figure 145 show the
outcome for the hexacopter RPM vehicle with GT-OSU sized motors when a low torque (SL2) is injected
in the takeoff section. As can be seen, the vehicle is not able to recover and a catastrophic outcome is
achieved. Using upsized motors developed by GT-OSUOMI, the outcome shows favorable and the vehicle
is able to recover as can be seen in Figure 146 through Figure 148. This shows that including more powerful
motors can help in the recovery capability of the vehicle after a fault occurred.
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Figure 143 Hexacopter RPM Low Torque (SL2) GT-OSU Motors Translational Velocity Profile (LEFT) and
Attitude Angle Profile (RIGHT)
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Figure 145 Hexacopter RPM Low Torque (SL2) GT-OSU Motors Heat Map (LEFT) and Battery Profile
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Figure 146 Hexacopter RPM Low Torque (SL2) GT-OSU OMI Motors Translational Velocity Profile
(LEFT) and Attitude Angle Profile (RIGHT)
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Figure 147 Hexacopter RPM Low Torque (SL2) GT-OSU OMI Motors RPM Profile (LEFT) and Electric
Machine Profile (RIGHT)
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Figure 148 Hexacopter RPM Low Torque (SL2) GT-OSU OMI Motors Heat Map (LEFT) and Battery
Profile (RIGHT)

Similarly for the Octocopter RPM, Figure 149 through Figure 151 show the outcome for the octocopter
RPM vehicle with GT-OSU sized motors when a low torque (SL3) is injected in the takeoff section. As can
be seen, the vehicle is not able to recover and a catastrophic outcome is achieved. Figure 152 through
Figure 154 show the same fault simulated with upsized motors developed by GT-OSU OMI, the outcome
shows favorable and the vehicle is able to recover as can be seen. Therefore, upsizing the motors could
potentially help with the recovery of the vehicle.
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Figure 149 Octocopter RPM Low Torque (SL3) GT-OSU Motors Translational Velocity Profile (LEFT) and
Attitude Angle Profile (RIGHT)
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Figure 150 Octocopter RPM Low Torque (SL3) GT-OSU Motors RPM Profile (LEFT) and Electric Machine
Profile (RIGHT)
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Figure 151 Octocopter RPM Low Torque (SL3) GT-OSU Motors Heat Map (LEFT) and Battery Profile
(RIGHT)
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Figure 152 Octocopter RPM Low Torque (SL3) GT-OSU OMI Motors Translational Velocity Profile (LEFT)
and Attitude Angle Profile (RIGHT)
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Figure 153 Octocopter RPM Low Torque (SL3) GT-OSU OMI Motors RPM Profile (LEFT) and Electric

Machine Profile (RIGHT)
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APPENDIX P : DYNAMIC EVENT TREE HAZARD CONDITIONS
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During the Dynamic Event Tree (DET) simulation, the DET will continuously monitor the aircraft state and
if any of the specified hazard conditions are met, the DET simulation will stop the simulation and declare
branch outcome event one of the four severity levels: Catastrophic/Critical/Marginal/Minor, as classified
in MIL-STD-1629A [20]. This analysis will provide us quantitative estimates of the worst likelihood
Catastrophic outcomes (see Section 2.2.1).

Following are all the hazard conditions that are defined for the Dynamic Event Tree simulation:
1. Failure to Maintain Altitude (Cruise)

Short Summary: Aircraft not maintaining assigned altitude. Could lead to emergency landing or collision
with other aircraft/terrain.

Description: From the air transport pilot flight testing standards for helicopters, a pilot must be able to
maintain the specified altitude within 100 feet during inflight maneuvers (Section IV) including steep
turns, powerplant failure. Failure to remain at the correct altitude is a hazard due to possible collision with
terrain or other aircraft. FAR 91 prescribes VFR cruising altitudes at any thousand foot + 500 feet and IFR
cruising altitudes at any thousand foot. Altitude deviation greater than 500 feet therefore poses serious
collision hazards to other aircraft at another cruising altitude.

Failure to Maintain Altitude: Altitude Deviation > 100ft for > 10s — (Minor) — Flag 1.1
Failure to Maintain Altitude: Altitude Deviation > 100ft for > 20s— (Marginal) — Flag 1.2
Failure to Maintain Altitude: Altitude Deviation > 100ft for > 30s — (Critical) — Flag 1.3
Failure to Maintain Altitude: Altitude Deviation > 500ft for > 30s — (Catastrophic) — Flag 1.4
Failure to Climb (Takeoff/Climb)

Short Summary: Unable to climb to cruise altitude. Collision hazard to other aircraft/terrain.

Description: FAR 29.67 (2) specifies “The steady rate of climb without ground effect, 1000 feet above the
takeoff surface, must be at least 150 feet per minute, for each weight, altitude, and temperature for which
takeoff data are to be scheduled...” Failure to climb at an adequate rate leads to possible collision with
terrain or other aircraft.

Failure to Climb: Climb rate <150 ft/min for > 10s (Critical) — Flag 2.1
Failure to Climb: Climb rate <150 ft/min for > 30s (Catastrophic) — Flag 2.2
Emergency Landing (All Phases)

Short Summary: Landing before end of mission due to failure.

Description: FAR 29.562 specifies Emergency Landing Dynamic Conditions for transport category
rotorcraft.

(a) The rotorcraft, although it may be damaged in a crash landing, must be designed to reasonably
protect each occupant when—

374



March 2021 Final Report, Reliability and Safety Assessment of Urban Air Mobility Concept Vehicles,
Contract No. 80ARC020F0055, GTRI Document No. D9015A001R2, April 2021

(1) A change in downward velocity of not less than 30 feet per second when the seat or other seating
device is oriented in its nominal position with respect to the rotorcraft's reference system, the rotorcraft's
longitudinal axis is canted upward 60° with respect to the impact velocity vector, and the rotorcraft's
lateral axis is perpendicular to a vertical plane containing the impact velocity vector and the rotorcraft's
longitudinal axis. Peak floor deceleration must occur in not more than 0.031 seconds after impact and
must reach a minimum of 30g's.

(2) A change in forward velocity of not less than 42 feet per second when the seat or other seating device
is oriented in its nominal position with respect to the rotorcraft's reference system, the rotorcraft's
longitudinal axis is yawed 10° either right or left of the impact velocity vector (whichever would cause the
greatest load on the shoulder harness), the rotorcraft's lateral axis is contained in a horizontal plane
containing the impact velocity vector, and the rotorcraft's vertical axis is perpendicular to a horizontal
plane containing the impact velocity vector. Peak floor deceleration must occur in not more than 0.071
seconds after impact and must reach a minimum of 18.4g's.

If an emergency landing occurs within the certification limits, there is a reasonable expectation that
occupants will be well protected and escape serious injury, however there may still be partial or total loss
of the vehicle, so the event is considered as Critical. For an emergency landing beyond the certification
limits, the occupants are likely to be seriously injured.

Emergency Landing (Survivable): Altitude = O; Final descent rate < 1800 ft/min; Final horizontal velocity <
42 ft/s; 0<Pitch < 60 deg; (Critical) — Flag 3.1

Emergency Landing (Fatal): Altitude = 0; Final descent rate > 1800 ft/min; Final horizontal velocity > 42
ft/s; Pitch > 60 deg; (Catastrophic) — Flag 3.2

Unsafe Attitude (All Phases)
Short summary: Attitude is outside envelope of normal operation.

Description: From the air transport pilot testing standards Section IV A, a steep turn must not exceed 30
degrees of bank. An excessively large roll or pitch angle is likely to result in loss of control. In addition, the
pilot may also become disoriented and fail to recover.

Unsafe Attitude: Roll, Pitch >45 deg (Marginal) — Flag 4.1

Unsafe Attitude: Roll, Pitch> 75 (Critical) — Flag 4.2

Loss of Control (Takeoff/Climb/Approach/Landing)

Short summary: Unable to control aircraft attitude. Collision hazard to other aircraft/terrain.

Description: The testing standards for helicopter air transport pilot requires pilots to maintain the desired
heading within 10 degrees during rejected takeoff (Section Il Task D), powerplant failure (Section IV Task
B), Instrument Procedures (Section V). Failure to follow the flightpath results in a potential hazard for
collision with other aircraft and terrain.

Loss of Control: Heading deviation > 10 degrees for > 10s. (Catastrophic) — Flag 5
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Loss of Control (Cruise)
Short summary: Unable to control aircraft heading.

Description: The testing standards for helicopter air transport pilot requires pilots to maintain the desired
heading within 10 degrees during rejected takeoff (Section Ill Task D), powerplant failure (Section IV Task
B), Instrument Procedures (Section V). Failure to follow the flightpath results in a potential hazard for
collision with other aircraft and terrain.

Loss of Control: Heading deviation > 10 degrees for > 10s. (Critical) — Flag 6
Control Saturation (All Phases)

Short summary: Maximum control effort. Unable to reject disturbances from this state.

Description: This failure describes a scenario where the aircraft is accurately tracking the prescribed
flightpath however one or more of the controls (roll, pitch, yaw) are at the maximum value. In this
condition the aircraft would be unable to make certain maneuvers in order to reject wind gust disturbance
or to avoid collision with other aircraft.

Control Saturation: Actuator command at or beyond limit for >10s (Critical) — Flag 7.1
Control Saturation: RPM command at or beyond limit for >10s (Critical) — Flag 7.2
Unsafe Maneuvering (All Phases)

Short summary: Extreme maneuvering rate. Disorienting to pilot and crew. May exceed structural limits.

Description: The air transport pilot testing standards require “smooth, stabilized flight” for all maneuvers
as well as “positive controls”. This is difficult to define and monitor as a multicopter requires stability
augmentation which is constantly making adjustments. Monitoring the aircraft angular rates is simple and
an excessive angular rate can be interpreted as clearly not “smooth, stabilized flight”.

Unsafe Maneuvering: Roll, Pitch, Yaw Rate > 100 deg/s (Catastrophic) — Flag 8
Over-G (All Phases)
Short summary: Aircraft exceeds design load limits

Description: Although load limits are established for each aircraft individually, FAR29.337 requires a
rotorcraft to be designed for a limit maneuvering load factor ranging from positive limit of 3.5 to negative
limit of -1.0.

Over-G: Aircraft load factor exceeds 3.5 or -1.0 (Catastrophic) — Flag 13
Linear Model Velocity Exceeded (All Phases)

Short summary: Aircraft exceeds velocity allowed by linear models in simulation
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Description: Aircraft exceeds velocity allowed by linear models in simulation, although the states will go
NaN in the simulation, the simulation keeps running. This is a method to catch that.

Exceeding of Linear Model: First state in state vector Xairframe is NaN (Catastrophic) - Flag 14
RPM too low for cross-shafted aircraft (All Phases)

Short summary: Forthe quadrotor configurations, any rotor speed that goes below 20 rad/s will terminate
the code.

Description: This is a simulation flag that is necessary due to limitations with the linearized NDARC models
since there is a decoupling between RPM and collective control. Since we understand that a quadrotor
won’t be able to fly with one rotor out, we flag this condition and terminate the code.

Motor out: One of the rotor RPM will decrease below 20 rad/s (Catastrophic) - Flag 15
RPM too low for non-cross-shafted aircraft (All Phases)

Short summary: For the non-quadrotor configurations, if all rotor speeds go below 20 rad/s, the code will
be terminated.

Description: This is a simulation flag that is necessary due to limitations with the linearized NDARC models
since there is a decoupling between RPM and collective control. Since we understand that a vehicle won’t
be able to fly with all rotors out, we flag this condition and terminate the code.

All motors out: All of the rotor RPM will decrease below 20 rad/s (Catastrophic) - Flag 16
Motor temperature too hot (All Phases)
Short summary: Electric machine or electronic speed controller temperature too hot.

Description: If components become too hot in the powertrain, either an emergency landing or
catastrophic failure is triggered.

Temperature too high: T_em (electric machine temperature) > 130 Celsius or T_esp (esc temperature) >
80 Celsius for > 10 sec (Critical) — Flag 17.1

Temperature too high: T_em (electric machine temperature) > 160 Celsius or T_esp (esc temperature) >
100 Celsius for > 10 sec (Catastrophic) — Flag 17.2

Battery depth of discharge too high (All Phases)
Short summary: Battery is energy is low and can cause loss of power.

Description: In case of the excess energy drawing event, the battery depth of discharge may overcome
the critical limit of 80%. In such case, the depth of discharge goes over 90% an emergency landing is
required since the residual energy is low and the battery pack becomes unreliable.

Discharge rate too high: d_curr (depth of discharge) > 0.8 (Critical) — Flag 18.1
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Current too high: d_curr (depth of discharge) > 0.9 (Catastrophic) — Flag 18.2
15. Power_limit_state error (All Phases)
Short summary: power_limit_state variable becomes 1 for either one or all motors.

Description: The power_limit_state parameter is used to asses current power status of the powertrain. In
nominal conditions the power_limit_state parameter is equal to zero. The power_limit_state variable
becomes "1” when an electric motor power is saturated to the IRP or MCP limits. In detail IRP can be
sustained for max 30 minutes, then MCP limit is enabled. This situation can occur in real flight when the
power demand from an individual motor is larger than for which it is designed, for example in OMI
conditions. The power_limit_state variable becomes "2" when the rate of change of the desired current
for the electric motor exceeds 200 A/s indicating an upper limit for rate of change of current of the electric
motor. This situation can occur when the desired transient of electric motor current is larger than the
maximum designed rate of change for example in the case for a change in RPM required to stabilize the
vehicle in a wind turbulence field. Finally, the power_limit_state variable becomes "3" when the desired
current from the electric motor has exceeded the current limit from the battery pack. This indicates that
the battery size is not sufficient to support the desired current draw of the electric motors. This could
indicate an overall sizing issue of the battery pack for the relevant flight operating conditions.

Error in one motor: power_limit_state = 1 for one motor (Marginal) — Flag 19.1

Error in all motor: power_limit_state = 1 for all motors (Marginal) — Flag 19.2
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