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Abstract Electric vertical take-off and landing aircraft (eVTOL) are attracting attention as suitable aircraft
for urban operation, and eco-friendly factors are being emphasized for next-generation transportation.
As part of this, research is being conducted to apply electro-mechanical actuators (EMA) that do not use
hydraulic oil. However, since EMAs have had a short development period and history of use, reliability
confirmation of EMAs is an important issue. In this study, the criticality of each component of an EMA
for individual blade pitch control for eVTOL was analyzed through failure mode and effect analysis. First,
functional analysis was performed on the EMA, and the failure modes of each component were
identified. 217-Plus and NSWC reliability-evaluation data were applied to analyze the failure rate of each
component for the operating environment of the EMA. Then, through the results derived from functional
analysis, failure rate analysis, and failure effect analysis data, indices necessary for selecting critical
components were determined, and the risk priority number (RPN) for major components was calculated.
The reliability and critical components of the EMA were selected using the RPN presented in the failure

mode and effect analysis.
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Table 1. FMEA of Main Component of Mechanical
Actuator
Compone Failure Mode |Cause of Failure| Effect of Failure
nt Mode
o -Excessively -Motor won't run
-Open winding i X
Motor R high -sparking at
-Shorted winding
temperature brushes
-Cracked . . -External leakage
. -Vibration
housing . -Low rotary
-Fatigue .
Brake |-Worn motion
) -Aged
seal/bearing .. | -Low output
. N -Contamination
-Sticking piston pressure
-Software error
. -Algorithm
-Incorrect signal error
from sensor . -Potential system
. R -Broken wire i
-Calibration X malfunction
Resolver -Reduced signall R
error -Processing error
level )
-Complete loss -Loss of signal
. -A/D
of signal )
conversion
error
-Software error
. -Algorithm
-Incorrect signal
error .
from sensor . -Potential system
-Calibration “Broken wire malfunction
LVDT -Reduced signall R
error -Processing error
level )
-Complete loss -Loss of signal
. -A/D
of signal .
conversion
error
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-Cracked ~Fatigue -Leakage of duct -Bad solder joint
housing - into motor No O -Cold solder Output
hScre'w -Reduced fatigug E),(éem.al shock shorted/seized LDO Voltage —OthuuttI\)fLoltltage joint voltage noise
OusIng | ;e -Vibration .| -Joint flexure Regulator arror -Inherent failure| and supply
-Self-Loosening ~Under-torquing under fatigue -Wrong voltage error
Bracket connection
for _Vibration -Bad solder joint
fixing -Loose on shaft Dissimilar *L00§e C?upling ~Open _Cold solder
-Corrosion K -shaft failure joint Cannot
connect materials Voltage Level| -Short W .
or Converter | -Parameter Corrcl)r?egction lgjzzferfe
Screw *Ffduced fatigue| ~Under-torquing *As‘semfll)ly failure change “Explosion by
haft e -Vibration “Joint exure high voltage
s -Self-Loosening under fatigue
2.3.2 H0{7]|] TERRCE 2 AsHAA 2.4 Y 2M2(Risk Priority Number)
EMA Aol7lol] et o TREZE doje] B4 AATE THSH: ¥E0] mAtE 49, 2y me
2, BEZ3} PCB E: TR g, A2 w%omb oF 1 fB=0] A" viAE 9T =S APEst
omdol Q. 1A weo] oA Aol W o T Y PES FREE YYEow wHsA wrh
oz B Eoz 7|A4A AZr|7} QXPEE]-HL} 0471*1 FAET 19 A7, IR, FEY ofF
A AR TIux] Ealo] Aoj7] @ 7AA 27| = o= LT, G Aol AF Ayfo] Aot &
7} BXAbE7} Hlo] 7] 3o 9ake & 2 gt 9T 7IEAC st AT HLE ojuleitt. ol A
B3 YUY RESS A aEo] weldAy ¥ A WML w3 BE Jhedol Hess 54
L At Sk ojeal wAS &Y guuo muoz  EE 4G Hh ol 48 mEe Yehfd Eq

T_O]O]E} Table 2h A

Table 2. FMEA of Main Component of Controller

. . Effect of
Component Failure Mode |Cause of Failure Failure Mode
-Bad solder joint]
-Data bit loss 7.Ct.)ld solder
Controller, joint All system
-Slow data - .
DSP -Inherent failure| not working
Transfer
-Wrong
connection
-Data bit Loss -Bad solder joint] Actuator
-Slow data -Cold solder .
A o location
Integrated | transfer joint information
Circuit, RDC| -Converting Fail | -Inherent failure
Tl cannot be
-Open -Oscillating transmitted
-Short problem !
-Bad solder joint|
-Cold solder
-Open ..
joint Cannot
-Short
Converter -Wrong generate
-Parameter .
change connection power
-Explosion by
high voltage
-Bad solder joint
Motor/Motion| . -Cold solder
L -Data bit loss o
/Ignition joint Motor not
-Slow data . .
Controller -Inherent failure| working
. Transfer
/Driver -Wrong
connection
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Table 3. Level of Severity

Failure Criterion for Assessment Level
Effect
Dangerous | -safety/environmental impact or
and non-compliance with legislation 10
unexpected | -Failure without notice
Dangerous | -safety/environmental impact or
and non-compliance with legislation 9
expected | -Failure with notice
Very high -System/co@ponent. inoperable due to 8
loss of main function
Hich -System/part operation with reduced 7
& performance and customer complaints
-System/parts work, but consumers
Normal experience inconvenience due to 6
in-operability of convenience parts
-System/parts work, but some
Low customers experience dissatisfaction 5
due to in-operability of convenience
parts
-Inadequate finish/noise
Very low . 4
-Most customers recognize defects
-Inadequate finish/noise
Slight -Defects perceived by the average 3
customer
-Inadequate finish/noise
Very slight q inish/noi . 2
-Sensitive customers recognize flaws
N/A No influence 1
2.4.2 Y (Occurrence)
TS =)
AT = AU o] Uehe 5= Sle E9E 2
T 7hsdS UERdTh EMAOIA Z1A1A] 25719 &

AeE NSWCEF 217-PlusOll A AJAISEIL Q1= Table 4
£ 7180 Wik ARG IRFES Teste] Atk

Table 4. Level of Occurrence

)
Occurrence /10 Failure Rate Level
hours
Very high »3° 10
. almost inevitable 316 9
High 134 8
. repetitive breakdown 46 7
12.4 i 6
Normal N = fmlure‘rate
. . 2.7 P 106 5
. sometimes broken
0.46 4
Low: fewer breakdown 000000638 Z
Unlikely: Few failures | <0.00058 1
2421 7IHRE 1HE
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)\p :7TG(>\0/5>7TDCO7TT0"'>\EB7rDCN7r RHT 4 Table 6. Level of Detection of Controller
+ A BT R + Agpm + Ay
TCBTCR DT) SIBESIDT IND Detection Possibility Level
Very uncertain  |Undetectable 10
Eq (4)—’] 7]— OLEOﬂ EHT:’—_}.' A tg’g.‘ l:]——%jl}- %—_} Very rare Can be detected by destructive 9
S i tion/SEM fi ti
)\p L A= TREMT AT 199 inspection, confirma 1on'
) % G s Rare Can be detected by destructive 3
T A= ARl ditt IFE 5 inspection/X-ray confirmation
>‘0b’ L E VRIRE Can be detected by destructive
Tpco =2 = duty Cycleoﬂ o3t 73E 55 Very low inspection/microscopic 7
’ confirmation
T D AR St 1AE 55
ro  AEE=] i © L Can be detected by destructive 6
)‘EB 34 7R IAE ow inspection/visual inspection
Tpoy * V183 & duty cycleol Higt 14E 5 Normal tCez:tlinbe detected by non-destructive 5
Tryr - E-5%= A IFE 55 5
/\TCB L o% Aoj2 AETAE Rather high Detectable by X-ray 4
High Detectable by microscope 3
Tep : AOIZE U 148 54
L ox wslo] gt 184S A Very high Can be detected with a multimeter 2
m == St IYE 5
or: e ° Almost certainly |Detectable with the naked eye. 1
Agp 9 71E1LE
Topr - FHASE 2EHs] gt I¥ESS
Afvp 1 SE 2EFA 7EIRE
T HIx
3. XBRE MY Ay
2.4.3 HAEX(Detection)

AEEL BIo] Aol yARE o Qo] ¥ T

oz AAstgich

Table 5. Level of Detection of Mechanical Actuator

EMA®| 412 AgRE B4 7IARE
o=z FEsto] B35t o8 Y, 71414 2E7|E
ZIARE FAX NSWC7F HLE g, Aoj7= A=}
HEof gt #2440 217-PlusE 2-85HAct.

B3} HARE

3.1 7IAA AS7] XHEE

Table 73} Zo] 717414 AE71oI4 AW=A 714

=
Detection Possibility Level =
. 2 BE2 HEHE BAHN BEHY £3 UL
- Unconfirmed 10
Cannot be ' ' HE R Sl= dAo 93t Ao R njotEgly, 2E
reassembled Destructive test required 9 _TI_X]—O] HPAH&]—I:I# EMAZ 11101_% 2 u}fﬂ H(ﬂ @,7—1}5“—_—
Ultrasonic test after disassembly 8 9 =07 Hylslct 183, NSWCOA] Z‘]]/K]ﬁl— AA
Magnetic particle inspection after 2o o P H]_}\ w
disassembly 7 IFES SAR of, XE 1 JEe 85
Can be bled Thermal imaging after disassembly 6 A=, A4 1 S e EMAS 'T‘GHE]'
reassemble
after Eddy current inspection after 5 1 REE m3sto] YRS EQlg)of k= ojz&°]| 9
disassembly | SaSserbly of 455 o3RO RAHSIEE. ueh, BELL EMA
After disassembly, detection by dye B
penetrant inspection and microscopy 4 -O’] X]tgl?‘%—gi ”’]’QJI—Q Mq
Visual detection after disassembly 3
No Dye penetrant inspection, microscopic 2 Table 7. Critical Component of Mechanical Actuator
disassembly |detection
required Visually Detected 1 No. | Component Fil;;ere Severity | Occurrence | Detection| RPN
1 Motor 108.47 9 8 9 648
2 Brake 5.00 10 6 8 540
3 Resolver 5.00 9 6 9 486
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4 LVDT 7.50 7 6 9 378
5| Jerew ) osa |10 4 9 | 360
ousing
Bracket for
6 fixing 0.72 9 4 6 216
connector
7 | Screw shaft | 0.70 10 4 4 160
3.2 Hoj7| X|BRE
Table 82 Aoj7]°] gt AHHEE 4 Ao},
Aoi7]oll A= DSP MAHRFo] 7P A g2l Aow
$HZIEL. DSP HARBI 10| AT A2, A

ol719] A % 57150l =5°] ol EMAZF 253
A oA HERZ 95Fo= AAsIArt. DSP AARE]
F8 AL &6 FgRe] sl 217-Plusel
A AAIBR= DSP AARES] I ES % 42 TAE
= AHA R A vt SRR DSP AAHEES] Wi
7k n7d B9, 9] W2 ZEL Q)= DSP AN
13E AESP] sk DSP WA wste] 2
lEfof stER AEk 95Ho2 AAstairt. AatHe
=, EMA] Ao7]0] et Al=d AgFE2 DSP HAt
FEoE woH .

Table 8. Critical Component of Controller

No. Component F;i;jere Severity|Occurrence|Detection| RPN
1 | Controller, DSP | 0.017 9 4 9 324
Integrated
2 Cireuit, RDC 0.022 9 4 8 288
Motor/Motion
/Ignition
3 Controller/ 0.014 9 4 8 288
Driver
Voltage
4 0.022 8 4 8 256
Regulator
5 | Converter 0.176 9 4 6 216
6 |Voltage Level | 156 | g 4 6 | 192
Converter
4. A2
£ =FoAE eVIOL IBCE EMAS] X g5-Eo of
o BAZ asteinh. olof gt AR Rl AR T
3} .
A, EMA°] gk o] 9 4, 87210 vl
T, QA0 T2 7 AT W RE 75 Bl
4|, BEo g pARE 9 29 91918 wolslal,
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7yt et
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3} 2t}
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Table 9. Selection Result of Critical Component in

EMA
Sub-system Critical Severity |Occurrence|Detection| RPN
Component
Mechanical | - ypo 9 8 9 648
Actuator
Controller DSP 9 4 9 324
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