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Multi-rotor Electric Vertical Take-off and Landing Aircraft

Propulsion System Reliability Analysis and Allocation
HE Yong-bo, HUO Zhi-xuan”

(School of Electronic Information and Automation, Civil Aviation University of China, Tianjin 300300, China)

[ Abstract] Reliability analysis and allocation were conducted on the propulsion system of multi rotor electric vertical takeoff and
landing (eVTOL) aircraft. Firstly, to solve the problem of insufficient accumulation of reliability historical data of multi-rotor eVTOL
aircraft, a reliability analysis model was established by using fuzzy Bayesian network (FBN) to supplement the reliability prior data,
and reliability posterior inference was carried out to assist the key link of the positioning system. Secondly, based on the FBN reliability
analysis model of the system, an improved advisory group on reliability of electronic equipment( AGREE) reliability allocation method
was proposed. Reliability distribution of eVTOL propulsion systems with different configurations was carried out. The results show that
the FBN reliability analysis model supplements the propulsion system reliability data and can effectively identify the system weak links.
The reliability allocation results of the improved AGREE allocation method meet the reliability requirements for eVTOL aircraft in SC-
VTOL-01, while the reliability allocation results obtained by this method are more reasonable, reflecting the differences between differ-
ent configurations, subsystems, and components.
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Fig. 1 Common eVTOL configurations
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Fig. 2 Propulsion system composition
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Table 1 Expert evaluation term correspondence table

L GRAT 2 M T T R X B AR Y AR
AT B DA S R R #E AT PEAL R A B A
MIEL %R R VAL AT i Ak

WA= (a,, ay, a5, a,) B—LEE L ES
TEREL, SRR FE R, (2) Q0T

0, x < a,
x - a,
—, a4, =X =aq,
a, - a,
pi(x) = 11, 4 <x<a (2)
X —a,
, a3 < x < a,
as — ay
0, a, <x

1.2.2 fEBMma

X (3) BRI O E X IE B B A =
(ay, ay, ay, a,) FEATARBORIALBE RE L A0 AR
] GEMEPESY (fuzzy possibility scores, FPS)

FPS:%[al+a2+a3+a4—

asa, —aa,
(ay; +a,) - (a, +a,) (3)
HR, 2% SC-VTOL-01"" %} eVTOL fiji 25
JRBME 2 1 B LA S R 45 3, CCAR 25. 1309 4%
A SR R AR G (B R AT/ ) B R AL
RS FPS AR, W 2 PR,
2 RPESHIMEFE

Table 2 Failure rate level corresponding table

G LR ARE TR AL

1 RAE(VL) (0,0,0.1,0.2)

2 fiK(L) (0.1,0.2,0.2,0.3)
3 AL (ML) (0.2,0.3,0.4,0.5)
4 HPAE (M) (0.4,0.5,0.5,0.6)
5 AR (MH) (0.5,0.6,0.7,0.8)
6 & (H) (0.7,0.8,0.8,0.9)
7 RE(VH) (0.8,0.9,1.0,1.0)

314 JRAFE/h ! FPS
1 1x107° 0.077 8
2 1x10°% 0.200 0
3 1x1077 0.350 0
4 1x10°¢ 0.500 0
5 1x107° 0.650 0
6 1x10°* 0.800 0
7 1x1073 0.9222

S 3CHK[ 13,23 ] 42 A0 e RCR L 4y 1k
GEAR 2 PIRBCREY S FPS (XN KRR, $2
eVTOL iz 75 1Y (KW 1T B8 PETE 43 ) FPS 5 28 %Ak
F(FP) Z I A ALA S, T AR FE 3R 4399 fL B I 1
KRS, (4) (5) R,
1/10%, FPS #0
0, FPS = 0

K = —64.665FPS* + 117. 08FPS’ —

67. 697FPS? + 6. 783FPS + 8. 745 (5)
1.3 ETF FBN HEH RS R ES T
1.3.1 MrHirM%
DUH397 5 2% ( Bayesian networks , BN) 1E A A R

FP = { (4)
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P(E I E ACE)) =P (E 1 E) (6)

TREAE 46 T A% 740 0 I 1) 2% 4 A 238 3R (condi-
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()RR R (TS V= W)

P(T) = []P(E I E) (7)
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e 36 26 PF 1 B 459 o A BE R Jm B R A 5K
mr,
P(E, =1,E, =1)

PUCE) = T (8)
F(E)) = f(E)h(E,) (9)
R(E) =1-F(E) (10)

K. P (E) IEER E Y S N RBCRSRFHAL
W E G RZCR  F(E) N EY a4t )
h(E) B RBMER f(E) R SRR BCR S R(E))
KT AT
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FTZ R0 F Ge 4l R o #T DA S AT S S 6 8k
I AL HERL eVTOL T2 7 4 E 22 40 D1 37 0 4%
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Fig. 4  Propulsion system FBN model
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DA S ASORI AL B | GETA7k 3 DL LA R figf A Ak B 5
RN 5 %6 Fim,

i FHE 1 GeNIE #5 #4014 B 7w DL - 34 ) 2%
SER N R Gr AT UL S S e MR, Bk, B
WS RS TR KGHEHERE T W RKRE
F(T) =1, 4EREdE 58 5] FBN 1 5E P 4 #4570
oA THERR TR A5 3T B TR S AR 7R 22 e
eVTOLIEHE RGN T R GG BRZCR P*(S,) LA K
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Table 3 Node prior failure rate

Rl PRES T P& T ORECE
E, 2.53x107° Eg  7.68x10°%| Eu 3.90x1073
E, 1.19 x10 73 Ey 9.31 x107¢| E;s 2.70x107°
Ey 1.56x10°¢ || Ey 5.80x107°| K, —

Es  9.24x10°¢| E;  2.30x107° Es —

E; 4.14x10°° Ey 9.00 x10°° E, —

F4 EXRITEHENEE
Table 4 Weight values evaluated by experts
X LRI LR2 BRI LR4 LS

AN 0.203 2 0.219 4 0.219 4 0.203 2 0.154 8
*5 EXITFHEER
Table 5 Expert assessment
BE Ey Es Ey B, B, B,y
1 ML ML M MH M ML
2 M M M H M L
3 MH M L VH H MH
4 M MH ML H MH
5 MH M ML MH M L

R6 RERMEKBEMBIRE

Table 6 Aggregate fuzzy numbers and defuzzification data

£ LS RABIEL FPS FP

E, (0.3968,0.4968,0.5545,0.6545) 0.5499 2.12x10°
Es  (0.3797,0.479 7,0.520 3,0.620 3) 0.5183 1.56 x 106
E, (0.2626,0.362 6,0.3984,0.4984) 0.3805 2.40 x10°
B, (0.2626,0.3626,0.398 4,0.498 4) 0.772 6 —
B, (0.2626,0.3626,0.398 4,0.498 4) 0.596 3 —
By (0.2626,0.362 6,0.398 4,0.498 4) 0.390 2 —
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Fig. 5 Posterior failure rate of propulsion system

0.40
= e p AL
035 F . o NTEF AL
. AU MR
030 |
025 .
g
& 020 °
i
015
A
0.10 | .,
N . P o .
0.05 * o o & a
4 | & § *
0 OO 1 1 1 l, ‘, ‘, l, ‘, l, : ‘, l, : | 1 : | ]
St Sy S By Ey By By Bs B By By Ey By By Enp Ey By Eys

AP S
Fl6 ik ARG R U E

Fig. 6 Propulsion system node sensitivity
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AIEERESR(T) " IHLE ) RGE T SEVEFE AR ¢, WS i
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Table 7 Reliability allocation basic parameters

S 1£55 AGREE 4Bt i it AGREE 4312
ZRIL

HEE =B U R

S, 1 0.133 4 0.3559 0.1819

S, 1 0.666 7 0.2756 0.293 1

S, 1 0.199 9 0.368 5 0.524 8

®8 WEMESEERILL

Table 8 Comparison of reliability allocation results

1445 AGREE 432 ik AGREE 43t e
FR4 — — - —
[E S PN & CIETIES PR
S, 0.999 867 1.33x10°7  0.999489 5.11x10°7
S, 0.999333 6.67x10°7  0.998936 1.06x10°
S, 0.999800 2.00x10°7  0.998 575 1.45x10°6
0.999 6 = UjEB AL AL
i o NIERMA
A )\REMA
0.999 3 |-
i 09990 | .
RS A
=
09987 | [ ‘
u
0.9984 |
X
0.99 81 |
S, S, S,
TR %

K7 TREAEES S

Fig. 7 Subsystem reliability allocation results

¥ fE M HE . www. stae. com. cn



B R 5 TR

7396 Science Technology and Engineering 2025,25(17)
1000 F o me—t (6] XIEYL, WARKS. AIRIH T H Zha ke AT 83 I R %
> A R . o
0s0o | ¥ 1 RPN RURECTRACEEIR, 2024, 45(2) ; 339348,
\\, 1 A Liu Jujiang, Tan Yusong. Safety evaluation of the power system of
0.998 1 A A n o u /] A : electric vertical take-off and landing vehicles with different configu-
0.997 ‘o/,,'. Q\ /? : ! rations[ J]. Journal of Harbin Engineering University, 2024, 45
o W/
0996 - W/l (2) : 339-348.
a& ' (7] TOKIT, THE, #h38, 5. BEAH eVTOL HL TR XX 3h 7
= 0995 . AR ], SRR, 2024, 45(3) ; 212-226.
0.994 \ / Ding Shuiting, Ding Shuo, Sun Shuang, et al. Compound wing
0.993 | “:“. “ — eVTOL battery 'requirements and implications for powertrain safety
| e vEmAE [J]. Journal of Propulsion Technology, 2024, 45(3) ; 212-226.
0.992 A Uresg Bl [8] Thomas G L, Malone B. Power system redundancy design trends for
A
0.991 L all-electric eVTOL quadrotors [ C]//Electric Aircraft Technology :
E, B, Ey Ey Bs By Ey By By Fw Ey By Fus Er s ALAA Seiloeh © o Bt Maand. ALLA 2008
R ciTech Forum and Exposition. Maryland: s :

R SR T3 e el

Fig. 8 Component reliability allocation results

3 #ig

X ZHER eVTOL fiii 2 #i HEUE 28 48 ] §E P43 Hr
SOy BeHE T TEST, T ON JE SR &R G0 AT SE R AL B A4t
—ERHIET S,

(1) 3 a5 ZEVTAk S B4 LA R A PSR K098 15 2k
BRI R T 2083 eVTOL 2 et R
G5 T SEPE SR BEAS JL 1 [n)E

(2) BT HEDE R GE A AN, @57 FBN Af g4
OYMTREY St RGEHEAT T U0 O R LA S U oy
Mr N E O] T RGBT A

(3) T FBN AIEEVE A HIRRY 38 H T —Fhek
F AGREE ] 5¢ % 40 B 32 , 1T 56 1 20 Bc 45 SR 7% &
SC-VTOL-01H % eVTOL %S fi () m g R | HAK
BT ARNFERL T RGE SRERI 25

2 % x #t

[1] Straubinger A, Rothfeld R, Shamiyeh M, et al. An overview of
current research and developments in urban air mobility; setting the
scene for UAM introduction[ J]. Journal of Air Transport Manage-
ment, 2020, 87 101852.

[2] Zhang J, Liu Y, Zheng Y. Overall eVTOL aircraft design for urban
air mobility [ J]. Green Energy and Intelligent Transportation,
2024, 3(2): 100150.

(3] XS5, HshI R ITHEORIIR G ZRLT]. i
2, 2024, 45(5) ; 55-77.

Deng Jinghui. Technical status and development of electric vertical
take-off and landing aircraft[ J]. Acta Aeronautica et Astronautica
Sinica, 2024, 45(5) : 55-77.

[4] Kadhiresan A R, Duffy M J. Conceptual design and mission analy-
sis for eVTOL urban air mobility flight vehicle configurations[ C]//
Unique and Transformational Flight Systems: ATAA Aviation Forum
2019. Dallas, Texas, USA: AIAA, 2019 19-37.

[5] Bacchini A, Cestino E. Electric VTOL confi-gurations comparison

[J]. Aerospace, 2019, 6(3) : 26.

138-148.

(9] Thahfis, skeESG, TE WYL B 1 e b 3 25 45 1 X 4% X

eVIOLRATYERE AU 52w [J]. HE 42K, 2024, 45(3):
227-236.
Ma Jintao, Zhang Shuguang, Wang Mingkai. Effects of dynamic
characteristics of lithiumion battery on flight performance of tilting
eVTOL aircraft[ J]. Journal of Propulsion Technology, 2024, 45
(3):227-236.

[10] Cai B, Kong X, Liu Y, et al. Application of Bayesian networks in
reliability evaluation[ J]. IEEE Transactions on Industrial Infor-
matics, 2018, 15(4) : 2146-2157.

[11] Guo C, Khan F, Imtiaz S. Copula-based Bayesian network model
for process system risk assessment[ J]. Process Safety and Envi-
ronmental Protection, 2019, 123 . 317-326.

[12] EZ0er, XAEjE. HeTHOB DLk 28 1K R 427 R GEA
WEHELI]. BIEEEARS TR, 2022, 22(9) : 3491-3496.
Wang Honghong, Liu Yanbo. Human reliability of subsea produc-
tion system based on fuzzy Bayesian network [ J ]. Science
Technology and Engineering, 2022, 22(9) : 3491-3496.

[13] SR, FMEIRL, I IR, 45, BT ELSEASTHT DL -307 2% (1 HUD

RGLZ W BAE S AT ST (0], Az "4, 2023, 44(4) .
203-219.
Zhang Fan, Sun Zijing, Xiao Guosong, et al. Reliability analysis
for multi-phased mission of HUD system based on intuitionistic
fuzzy Bavesian network[ J]. Acta Aeronautica et Astronautica Sini-
ca, 2023, 44(4) . 203-219.

[14] Xue S, Li X, Wang X. Fault diagnosis of multi-state gas monito-
ring network based on fuzzy Bayesian net[J]. Personal and Ubig-
uitous Computing, 2019, 23, 573-581.

[15] iRpRbk, Wi, ROV, 2. BT REH RS Rt

PLTBH RG0St Bt [ 1], Pt S5 wE5E, 2019,
35(6): 179-182.
Wu Baolin, Lei Dongting, Zhao Weiping, et al. Optimization of
reliability distribution of electric aircraft handling system based on
genetic algorithm [ J ]. Machine Design & Research, 2019, 35
(6):179-182.

[16] BUME, MK, TR, 5. T DFMEA 52 AGREE %
B AT B R T S (0], AL,
2022, 39(12): 17-23.

He Zhaoxia, Xing Zengfei, Wang Xingzhe, et al. Reliability de-
sign of split-type flight vehicle’ sdocking system based on DFMEA
and improved AGREE method [ J ]. Journal of Machine Design,

¥ fE M HE . www. stae. com. cn



2025,25(17)

g7l , 45 « 22 e 3 o sl e R AR A 2 AT E R 48 m] SRk A 5 20 T

7397

[17]

[18]

[19]

[20]

2022, 39(12): 17-23.

AR, diteh NS, R TORORIZE AT B Tl Mg A
AEEESN B[] B R 5 TR, 2021, 21 (21):
8965-8969.

Hu Junming, Huang Hongzhong, Huang Peng. Reliability alloca-
tion of industrial robot using fuzzy analytic hierarchy process[ J].
Science Technology and Engineering, 2021, 21 ( 21 ).
8965-8969.

Zhang J, Liu Y, Zheng Y. Overall eVTOL aircraft design for ur-
ban air mobility[ J]. Green Energy and Intelligent Transportation ,
2024, 3(2): 100150.

FESFE. BF IR g M]. de
1, 2014.

Wang Shouguo. Reliability of electronic components [ M ].
jing: China Machine Press, 2014.

N R AT, BB TSRO GIB/Z

BLAR Tl 3 i

Bei-

[21]

[22]

299C—2006(S]. JbET. A RARICE: 5% 435, 2006.

The General Reserve Department of PLA. Reliability prediction
handbook forelectronic equipment; GJB/Z 299C—2006 [ S].
Beijing: The General Reserve Department of PLA, 2006.
European Aviation Safety Agency. Special conditions for small ver-
tical takeoff and landing aircraft; SC-VTOL-01[S]. Cologne: Fu-
ropean Aviation Safety Agency, 2018.

HE RN R, B2 CHLIE AR . CCAR-25-R4[S].
Jest: hE R, 2016.

Civil Aviation Administration of China. Airuorthiness standards for
transport aircraft; CCAR 25-R4[ S]. Beijing: Civil Aviation Ad-
ministration of China, 2016.

Yu J X, Shibo Wu S B, Yu Y, et al. Process system failure evalu-
ation method based on a Noisy-OR gate intuitionistic fuzzy Bayes-
ian network in an uncertain environment[ J]. Process Safety and

Environmental Protection, 2021, 150, 281-297.

¥ fE M HE . www. stae. com. cn



