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Stage Reliability Evaluation of Performance Parameters for Civil Aviation
Engines Based on Copula
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Abstract: The evolution of performance parameter states of civil aviation engines presents multi-stage
characteristics, and the current evaluation methods for performance parameters cannot effectively use the big
data of state monitoring, or accurately identify their influence on the performance of civil aviation engines.
Therefore, a new reliability evaluation model considering the phase correlation of dynamic evolution of civil
aviation engine performance parameter states is proposed. The model uses dynamic Wiener process to
characterize the states of the performance parameters of civil aviation engines according to the phase
characteristics of the change point, and the joint probability distribution function model of the phased dynamic
Wiener process is established by using Copula function. Monte Carlo simulation sampling method is used to
evaluate the reliability based on the mathematical property of the first reach threshold of the evolution of
performance parameter states. The actual condition monitoring data of airlines are used to verify the
superiority of the proposed model, and the results show that compared with the model without considering the
correlation between evolution stages, the average error of the proposed model for evaluating the state
reliability of the performance parameters of civil aviation engines is reduced by about 12.9%.

Key words: civil aviation engine; reliability evaluation; Copula joint probability distribution function; Wiener

process; stage degradation

ELWB :HEAARB¥EESZ NS5 E RN /BAREBE (U2033209)

Wo#s B #A :2022-12-10; 1817 B #7: 2023-02-21

EEB N WAL, 20, 0 i, F2 R RS TR R 5E . 78 B AU TP B 25 Bk 3Rk
30N, ERES S 20 E AR E AR E GRS EWEA RS s SR s iaih s =4
EAUSER RIS &I A

BE1EE L, E-mail:li_yaohua@sina.com,

Sl ABRK AR 5Kk . 5T Copula i BT & shHLIE BE S 800 B ol SE P PEAG [T 1. g 5t 28 it R K #2542, 2023, 55(6)
1081-1088. LI Yaohua, ZHANG Cheng. Stage reliability evaluation of performance parameters for civil aviation engines
based on Copula[J]. Journal of Nanjing University of Aeronautics & Astronautics, 2023, 55(6):1081-1088.



1082 o

2O =

R K ¥ ¥ #t % 55 &

R CAL & B MLPE B 8000 R 25 1 AR 5 il e
Z AT A FE R SR IR R AEAL 58 (1 T SE PR PP AL O
AR R B HLISATARAS 43 R TE B R, 3 BOR i
AR AR (1 o AR B AR BB A ORI L AR T R & 3
MUfE ATl B il T2 32 3 B 5 R Ah B IR R 152
M, P B8 RN 22 4 R A5 AT 3kE A bl o B 5 AR 1 s 3
HELRAEMBEL SR, Wik, fIHETFRE
B AR 2 1 AR, 78 & S AL g AR Ak 9 2k A b B X
HERE S B IR A HEAT W] SEPETEAL , AT 4 B 48 &
AT TR, X8 5 B R AT & sh AL i) £t B A8 3 B A B 5K
=S Ea

X A B Y & B HLYE i S 500K A 1Y Bl AL T
Ak #E, H AT E N A R £ R ] Wiener of 72 4
TEE 25 SR I TR RUEE RS R AR AL AL, B 5 n R
AR TR (%) T S, ST X6 & Bl BIL T A IR A 1 S e
fli i, Yan 3L F W B Bt Wiener 13 2 45 ALX6}
TR A A AT PSR PE AL, I AR 9 2 A5 5 v 0
Xt AE A ATHR IR . T AR Ak R AR AE AR A
I BePERAE AUAE DL T AR IR A EE 0 PR o Be
FEPE 4R O B B A Y Wiener i B2 (9 5
A 75 TN ARE AR, 2 R TR A O N TR S Y ] AR
PE | 6] I 25 5 Kalman 38 8 550 25 R0 309 B2 e R AL 3 ik
XA ST A T

E BE B AR 8 A OC M B 5 5 T, ) Bk AR 4R
H — B F Copula PR 22 28 508 KT 19 77 i Tl
W J5 vk 15 27 3h 2 5 R 4 55 A A BK A 0 A R
{60 IR A A Ao LA R G G R M R S OIS
B 1 5 A 43 A pR AR, E G 3E Copula pREBE5Y
3 A 2 5 A RTRL I3 A 06 5 Hao A AL T
Wiener i 72 A1 Copula #8037 XUHS b iR L B AY
6 BR 0 321 2k o0 Al i Wiener i B2 5 34, 48 b ]
B4 A 2 ¢ £ B Copula BRHUGRAE

I 7E i 3R 15 45 P B S BOIR 28 08 A8 3 A8 7 I
F B9 3 AL h T T Wiener i 2 Fll Copula bR %R
N7 OBGR A ASE A in i R A AT A | [ AR B S R AT
Tl 52 R R B AL B D RLAR Al T2 8, O e
LB 0 A 56 6 6 5 f)E Copula R

AR E T O T AR HE 1 58 2 B0 ] 0 R 2
AR VE A58 T AS ] %) B AL ok R e R AT AR )
7 B AR 553 B B B A [m) 1 e 2 B AR A5 2 2 []
8 AH DG (X F ] — P iR 2 BOIR 28 AR o B
A R B B, 43 B 5 B B 18] AH DG 1 52 e 1 4 5% L
o SR A % 15 & 1 BB 2 B0 0% IR 2 v 742 o AR A A
A A A B B ] 22 B 1Y 47 A, IR 200 A 22 Iy B i Ak
J2 T BEAT 255 VAR

AN TE R & B AL SE Bz A7 ok 7 v, oM g
2B R 7S AR 1o R R I LA sh 3 P B T

fiE o 38 43 B & Bl L A4S 2 M R S B RS B A A
AR, & I R ALK& B ML S 8 S UL 45 B )
AR S B AT R P EALYE , B A AL RN B
0 S SRR PR T AR s L A B 1 R
A AR X R 285 VA SR AT ARG, DA T M At A A
T 2 % sh HLPE AR S B AR .

BEOF b 3R ), AR SO T A5 H 0EE ) 3l 38
Wiener ik #2155 7 43 By Bt 41 34 1% &5 PE R S BCIR A 1Y
A8 i AR, MR E Copula B3 4 #r 8 28 1 2 A [ By
Bl py A, SRS ECREN &
Wiener & F2 (9 By Bt 3K 5 WE 28 70 A ok AU AY , B s
VLR & 2l HLAK T 08 e 0 i 22 16 2 801 g LT
ABAE , DL AR SR B AR A B B ) RS T AR
o AR I IR T A R AL R L B RS R R
it & S HILYE e 2 HCR A8 3 28 18 A8 By Be [A] AH DG 1 1Y)
A AEME PP AL BT R R B AN 1R o

T SE B AL B

| ARIEAE BRI R R A |
[

]
| 3EF 4 s 3 e sh s Wiener iR |

AR S |

A

B G
1T A AE A

Fig.1 Reliability evaluation framework

1 EHNEESHRENREE T
R4 5 A

1.1 EHHEESHERENETIERE

i 3 S BT A AL A 2 e S B IR S T AR
A Hp BT i BE ML | DR A T A AR A
AN ELAT D 3 T 0 AR AL R R 1 T e S BCIRAS R
PERLEEAS 5 2545, R RE S 50 h A R R M 2
SR U8 7 O 2518 2850, A SCR)FH It 2 800 % A 7Y
FJ5 96 BEAT 5 T FVERTIE o 5040 o U8 T JE i 25 A )
GE90 & sl AL 1 AR 75 W #2845 8 g, O 20 4IRS A
TR 22 1 an 1 2 BT 7 (R R 2 Tk i £k, P AN TR
20, il 26 3% 7R R ) ALK 3 D8 TR T D 25 18 2 8080

F4 AR A



% 6 AR, 4 JET Copula B ALK S HLYE RE 2 KB Be T S M4 1083

—

L N3 0O O
T T A ™

£ 712 / Psi

~

0 20 40 60 80 100 120 140 160 180 200
RATHEA

—HE1 —HdE2 - HdE3 — B4 - BdES

e —HdET —HIES —HFE9 - HdE10

— ¥R HdE12  BodE 13 - R4 HdEs

—HE16 B 17— HdE18 — HHE19 — HdE20

P2 BRI IR I i 22 (2 HOR S i £
Fig.2 State curves of performance parameters of fuel filter

pressure difference

H1 &L 2 AT, R & S LA Tl 0 R D O 22 1H 2
B AR A T A ok R P ) T B B AR A R A
A REALYE , AN HA B 5 i 3% 21 i 34 AL R

H1 T & Sl AL iR 2 B AS Y 8 8 B3R 8 AR
U B 2 A=k, 10 5 75 18 DX 43 HLE A6 B B 9 72 S5 A7
AN M — BN [ 38 AR o B A A R A TR 25 R 0 R
B o AR SC LA LAY Y AR TR B v o AR S ]
A7 A TR 5 G1E AT S M AL
1.2 TSRS

TER & TERES BUIR S B A o B b, # IR %k
P X={x, 20,2, X N 89 K W B[
{tis toywoey 0,y R ESHUAH 728 550 A I 220 ¢, 308 0 R R0 o
0137 15 B #E ) (Bayesian information criterion,
BIC) AR 45 45 B4 J5t B, 25 A6 0 e 91 47 72728 s, LA
AR T AAFAEA S HIREANRE Y LGl

T=—2InL +mlnn (1)

A om BRI [ i SRR n AR R
L A RS EAG B LL SR pR %5, AR 40 BIC =D, Al DA
TR

BRig H, PERESECRE M AR S B AAEAE AR
KRG 5 0 50 A RS BN E

BRig H1 1 BE 2 BOR A 19 3 A2 o # A 788
SRS AR A1 B Y 43 A R B S BOTE 7R AT R AN
AHAE

AR (1), B3 Ho i BIC G831 ik
Ty, =nln2x + nln ZM

— n

i=1
Arf AT =~ 3 A
7 T=— Tio
ni=

RIH R H B9 BIC{H N
- (A-Ti_ Afl)z
2

i=1 T

+n+1nn(2)

Ty, =nln2x+ zln +

' (Ar,— AT,

i=t+1 n—rt

+n+2lnn (3)

(n—17)In

1 n

E Ao
1

n—rt,~

1 T
AT == Ar,, AT, =
A A AT T; 2, AT,

AR BIC #EW & 7 78 c€[2,n— 2], fl 15
T == Ty, U HE 4545 15 Ho, BIE 68 2 50K 25 19 v 28
o FRAEAEAR S5 P, 7R B Btk AR s R L X T
{E R T T 14 Ty, HXERL Y 2, B0 Ry A8 G50 R) 04 Al 1
B o A7 AAETE BRAS AR g 14 38R 3ok 72 A 41, B e R
B T, B A Ak 3 04 728 A5 0 o
1.3 EHEESERSHMEEETTEER

F 8 A 0 A Y A AR Y A e H X Y
PERE S BUIR S L B FUIR S B &, A5 A2
WL BI 2 €8, Loy ooy 0,y A HTBE R A 2, 25 2, > 1,
LAE 4~ ;I {20, 2y, ooe, 0 ) RN B PEBE S
BOE — B B Bk oo OOk B B e,
(T s Toion oo 2, RN AR PERES BUE W BB
A3k 7 AR S B . MR AR BIC A7 B o R ) Y AR
AL AR Wiener o #2468 (1 I A8 R BRI R
B ALAL , BLRE Rl S A AR A, 48— T AR
PE 3 A& Wiener i #2 19 7 58 2 $5OIR 285 P B Bt il 28
LAY

0<<g,=< ¢ B, WA SRR IR

xj:1‘0+z(Atj.xl,j)+ gl,{Bl,f (4)
i=1
£, = ¢ TR S SRR A AR

o=+ (002 4 0 Be, (5)

=

g TR — B B i S B0 AR o B RS
W 50 227 55 B B P 1B S 80008 i AR RS i
WIE BPAS sS4 e S E RS i 5 e RoR B TR B
BFIE] 5 A0, R0 Ao, 53 500 R 50— By BRI AR — B Be Pk fig =
BOIR AT AR S R TE ¢ B 20 1 B TR RS R B, SRAE T
AR B A AL R 500, M o, 43 S RS — B B AN R
TR Btk B S HCIR S AR i R AE B 2 B AR YT
R B, ZRAF 3 AR 2o B Y B EORE B 5 B R B, 53 311
R 5 — By B A I B AE ¢ B 20 A B ST A b R
Wiz g .

2 ETF CopulaiBit LS I%EES

B B AT S MR AR B

2.1 EFHEMESNES Wiener 3 L SR
SHRES W
DA BAAR 9 i B e AR gk R A 1 3 R 1 3
A Wiener it R AR 2 i i 152 451 g S ECIREE 09 15 By
By As b A . 10 & sh ML e 2 8 R i g & 77 et 22
(B R 90 RS i A o R e i Rl R B [0, 4] R
AR Ar,, Ar, =2, — 2 AR RS S



1084 Mow b

PNV S

555 4%

Wiener 52 F2 B8 9 [ B i) R 25 3 i 34 87 1 A8
g3t B

Az;~N (A *At, 00 :At) 0<t,<t,

Ax;~ N (A, *At;, 05 AL) L> 1,

T A8 S5 A T8 AR o R s 32 B AR R T8 AR O
(R A N | VSR S U R A A P S RN
A5 B AR 5y /R AT SR A DL i AH OC HE | AR
SR RO ARE SR B R BS0CR S5 ARE 38 R B, DA T A 3] A
UG PRSE AR A% B R B (D) s o Il &
BT RE 2 50 B BT AR o A8 25 I 220 1 A2 A 1
JIT 1R DA 118 4% 252 25 B eR R

0<<t,<<t.hf

1 (A, — A A2)
JSim————exp| — ; : (6)
Jonol At 207+ A,
1, > 1
fi=f Dz |Az,)f (Ax,)=
1 (Af,'_/lz,f'Al,-)Z
—————-exp| — 5 .
NN 205+ AL,
1 (Ar.— A.+A2)
e—N Yl 5 (7)
N 207 .+ A2,

JJ:I: a(zla [2’ ) Zr)xﬂ(trﬁ»la tr+2’ ) zl)w‘jlgjl\&
AR 2 0000 4 DL 9 v K o330 ol

L=]]s o=<u<u
j=1

uz]jﬁ

R 4l 5L e 5 A0 i o A5 A 2 B ) B BB i AR
I A I G R 2R A eR RIS TR AT 1R A R e S AL
AR AT SR VE PP A AT 4 , A SCHR 8 B AR pR AR
P30 f MATLAB T H A6 o 9388 1% 5575 (Genetic
algorithm, GA)XJ ¥ i Bt fL 4K pR B3k 47 A A4k
T AA5 2 & ALY 8 S ECR S P i B i A2 1o
T2 RE 2 % iR A S L
2.2 EF Copula &E W E sl 1% 88 S BB B K

BHIHEXED

H T A8 a5 H S M AR 2 B0 8 Ab R AR 2 [ A7 AR
— SE WA S PE 2 ), R FH Copula #1485 16 2 #1 1%
# Pk RE 2 BCIRAS 1 T 728 o 78 B ) %) A DGk, T
A MR BB, UL ot ki, 4
H(F\, F,) NEAT NG04 F M F, 0 oA 5
1 PREL, W A7 AE Copula PREL C RELH RN

H(F,,F,)=C(F,,Fy; 0) (8)

K& nt F F.€[0,1],0% Copula pR 2L 11
FXRZHL

1> 1,

il AL A% e A O 1 A5 (] BT ED S Copula pREL S
AU 38 £ S 80 B R, # Copula pR LAY B
B 2T A, B AT 8 1565 A 5 O3 A1 R

A3 Copula PR 1) 371 2% 53 A oR 5853 5]
Ry 78 A AR S B ) R o A bR BURN A R A5 B
2005 IR A 1 £ 1 22 AR O3 A1 ek, B

Fef s

o /() Ry 78 A IR S 4 0 M R R RRRL
Sooilx) s frool )y oo, il ) 53 900 2 72 R3S 45 I 220 %68
o7 P PR 7 398 0 M 30 B pRI R

FIFH TH 5345 21 9 PR B BOR 25 78 16 34 4 1 A 2%
R PRER, Aol g S AR TR 2 A B T Copula pR %R,
% 25 Copula PR H AH OC 2 508 i 5 KA SR AR 1
B -

4 i 4 IR A B T A5 31 & 5 Copula #R
B, X FE 115545 28 Copula PR AU S 242 56 Copula PR %L
Z )R 1R 25, 1B BT 4 1R 22 e/ By Copula bR S
BT 150 25 1 8 2 B8 A% R 285 V78 5 2 B B3 ) 1 R DG e
AT #E ST By B M 3 25 Wiener i3 #2 B9 B¢ A HE K 43 A
PRS0 AT SE PR A AR AR
2.3 REBHEESERENFESETR

1T DL BT & S AILIA T 1 R D D 25 1 S 50k
AR B P e 2 Hi ) v A2 2ok R LA A5 Y BE L PE
SASYE T R T 58 B 1 BLARHE 3 55 A1 ok £ i
BT M AR A, DR 57 P B S B8ORS 1 AR 2 #2 1Y
SRV VPAS AL IS | 45 5 PR B8 2 JOIR A8 T8 28 1 3k 1
(B B B2 R 0T, 1) FH 52 AR I 08 0 L 3k o i A o AR 1Y
ARG HEAT AR AR AR AL & sh ML YE RE = B0R 1k
iob T 25 I 2 B 3R BUIR S A8 Ak a8 B O — il S BR
BN PR —— 2R B A AR R T AT SR

A o B ZIVERE S BCIR A R ) B o,
FE 2, B R A E B R N [ min, max ], 54 A R B
RSB & 2 P TE IR E AR [ min, max ], B
min <<z, << max. ¢ N, ¢, I 2] B9 SR 40k 8L,
Nia 8t B 20 SR R B e A= S A B8, IR
LA RIS BN IRE S E N R =
N.+/Nis



55 6 ]

AR, 4 JET Copula B ALK S HLYE RE 2 KB Be T S M4 1085

3 ERBIEIE

R TR A SC T ST R AR R BE A R LA B
5 B ML LTS RS BT B Y M s A AR b
REPE Y & B AL BE S B8ORS B | % BUR AL & 3h Bl
WK 08 T 3 Ui 20 2 800 B R AT 56 0E 43 BT, AT A
Bt 43 AT AL A 2o AR AN TR A B T ) A S A
1T 4 b Ak 0 35000 % 2l AL 1 BE S B IR A T
SEE RS A R B SO v A B R BT 4 AR
Y5 5 2 1 B B AH G 1 5 A D R e TR A B
VER R . O AR SRR N MK Sk [ 17170 R % &
B B B A 5GP 9 JE A BT AR 52 S M2,
3.1 RMEHNEESHNMEBEREST

PR DL B 25 2 B GE9O R sh WLk fE S 5 ——
RN UE 7 A 22 18 2 B8R S 191 %68 2 ST ) IR 25
AR o RS R AT A3 AT B0 o 1 S MR i AR SR 7 A
PRI S 20 20 45 20 200 4> KA T8 BR A4 JEL I IR 25
BHE 04 53 A0 eRBCGHEAT 4387, [ B 45 38 & Zh FLIA i D
JE 1 i 2 AH 2 8000 R 25 22 1 g o TR K 1) 43 A5 o 8K
SR CATOG PR 10 A8 fb 2 an 1 3 T

081
| = /{E
dak I —-HE
g’ |
~ |
i 0.4 |
% [
I
ﬁ 0.2 i |
U]
E 0 \ ﬁ[ Aﬁ/\“"‘l\"""""‘""l G \’I‘ \\'\\“rﬁ'lluv,ﬁ b "I"Ilv"’\/"
0.
_02 1 1 1 J
0 50 100 150 200
KATTEER

PE3 ORI I8 7 i 22 B 23 A1 RS 0 A i £&
Fig.3 Variation curves of distribution function parameters

of fuel filter pressure deviation

ER KU AEER 1024 AT IR, PR RE S %K
RS T A R B A AR R Y A A R
FHA SCHE ST 1 B Btk 3 25 Wiener o B R 43 B B
il 8 R Bl BILKA 8 TR g D 22 fEL 2 B0 nd IR 2 L
3.2 RMADNEESHRESHMRELLRE

SR

el 4 B, R S8 03 25 BE AR s Ak 5 7R R R AR
AAE B AR R B & S ALY RES BOIR
AT RUEE A 20, 23 M A5 B8 AR 257 A 1
FIRABE 3 2 R i 4 ol BT 4 P R R A IR S R
3 i P AT 5 R T AT 4 P SRR B PIL
HBOAE 5135 58 WA IRF 220 0 R 285 7 Al 38 i 0 AR 5 0

Mk Arp R MR L TN, Hbh i Z1h
A5 5 5 5 30 KATHEER , B 21 2 78 45 )5 58 90 kAT
PEER

9 ~
FRRREEEEE B =Nl
8t I A2 kb
o= R RERZN
7F i PV )
o I
i h
g O |
T i
# 7 I
3t 1
,’,." k
2r fob
o
Ir 1, ws
0 L gity ¢ AN e
-1.0 -0.5 0.0 0.5 1.0
BRI IE R 7 Z 1B & / Psi

4 AN [ B BOIR S A A 18 ik 0 W 232 285 2 o 8K
Fig.4 Probability density function of state change incre-

ment at different stages

ME 4] LA A2 AT RS AR A 1 B A
S0 R W e 22 S, L A M 3R B R AR Y AR
A B sz e 2 A B AR S S A B R AR RS Y
ARSI 7 BA B E RS2, T T Ao A H
S

) F 8 A& Wiener i B2 19 A [\ By Bt , & 57 19
Copula bR UM 3¢ 2 $0R FH 5 KRUSRAG 1115 1 22
53 ) ST 45 25 Y Copula bR R A A 5 53 70 bR BL
PR TR K 5 22 58 Copula PRELIEFT L4, 18 UF
XF L3 #1452 Copula bR BUIBE TR 55 25 16 450 80 22 (1] (1)
R 25U 25 43 BT SR FH KGR 25 7 /N S ) 452k
A Copula pREON I (9~ 1R 22 36 1 o

F1 £ Copula BEEE W EHIRE

Table 1 Average error of each Copula function model

Frank
2.3332

Copula pREL IS 1Y
SR 2

Gumbel

2.3429

Clayton
1.3112

M 2 1 A A, % 28 Copula bR B AL 7 LU
Clayton-Copula pR £ BY (1) - 24715 22 fe /)N, PRI
T Clayton-Copula bR ¥ # 37 & 2 HLIE BE 2 BUIR S
T8 78 () B A E R A A pR BT R MR Dl R A
Clayton-Copula pf 3 BAATE A= (9) s, I 54
TR AR AR ARSI B 5 S I 2R A Y
Clayton-Copula B¢ & HE 22531 R £ 4] .

COFWFu 0)=(F"+F—1) 7 (9)
Ao F R A8 sSAb IR A1 0 B 23250 A0 R A F
R 7R R A I 2GR A B A A 8 03 A pR B 0 A
KZH,H0e€(0, £o0), 0> 0B FEHLA & F,



1086 [ S R /| R NS = =

555 4%

S F,BTMHEMS, B C(F,F,)=F,F,; 4
0—+co B, WAL & F, 5 F, 35 AR 58 &
B

E 5 Clayton-Copula B4 HE 253 i bk 5 ]
Fig.5 Clayton-Copula joint probability distribution function

diagram

IR A 4 2 TC S Rl B g, = A FH BEPLAE
IR OC R BOR 30 JL ge rHROEPE L 0 TR R A I
M Ge T EE B4 bR Kendall #15¢ R £ o, HHUHE
B N[ —1,1]. Kendall 1 % & ¥ o 5
Clayton-Copula PR AL AH E S50 Z B L R N

0
otz

Ma=10, KARMHEHE -2 ;YYa=—1H,
KM KT M ;Y a= 0, KR L &
A A ST . S I IE R SC Clayton-Copula PR TR A
Rk, X BEALAS 5 B AH ¢ R EGHAT 73 BT 15 20K 56 ¢
T o 19728 At 2 G 5] 6 R .

1.000

a (10)

0.995,

it

i

0.990

Kendall&t
S
o
&

0.980

0.975

0 20 40 60 80 100
A R AT IR
516  Clayton-Copula R %k 5 G5 11 £ 45 1k il 26
Fig.6 Change curve of test statistic of Clayton-Copula

function

HI 6 AT, SR LA g e i B e T 1, R
M5 R R B B BoA SR B9 A OC 1R R
Clayton-Copula b8 X 1k 73 Bt B Bt [a] A1 5 P 8 0
AR TR 56 S BE A A AR TRAT R B A HE
o A7 I8 AR F) o FA , 35 WY I g 728 B A S P e 5

X R o B & 2l HLPE RE S BOIR 28 AR o AR 1 R
J  FALE RS AE B RN WG I, 32 20 AR 25
M 7 fC 6 /)~
3.3 EEIFLLIGIE

MG 1R g7 B ¢ T R s LI g S B8ORS 1
e AR ok AR AR AR | 2 L A 5 R O 2K K B, DA
FRVTICI JIT S ST A I A MR R 40 A R BRI R (1 ) R
[F] FsF XoF b 0 AR TR g o e P RO B P o AR S
R & 2l HLAR T 08 0 i 22 (6 2 8000 42 4 [0 (B Y
FI A6, 10], I F 58 45 15 1 47 LS HLPE AL W] 58 B2
K HL 5 R R A O RS 25 L B B G 1k 11 S
AL M2 VEXT LG 43 AT, 56 31F A SCBT $ 455 2 1) o 4 4
AP A, ] 58 X L 26 an i 7 BT R .

1.0 =

0.9f
081
o 0.7f
¥ 0.6
I 051
0.4r
031
0.2

— HEAIMI
— - AIM2

0 50 100 150 200
ATHEIR
7 BT B il 2

Fig.7 Curves of model reliability

L7 0] LLE 1 e S 800 RS AT R i e
S OB S A T B BERRAE , AR AR AR S ST B AT RE M DT
A AR ML 1Y 728 b il £k, 728 o505 T A8 5 R ) o iR
THRE , B A 0 IR A B o IS 5 JE B B A
O By AR M2, H AT SE R VAl i TR SF L SXE
fiE 2 HICR A 1 3 AR o B 5 BB ) 1 A AT SR R TEAL
o & AR AE & AR

R T 0 AT A OGPk R e Y RTRE E
Al 285 S, AR SCOR 0T S M 40 8 H B M BE 4R b < 4
X} 1% 22 (Absolute error, AE) Fl1 46 X} 1% 22 (Relative
error, RE)F8 R o 4% 15 25 % 2 DA [A] — By o5t 2K
J52 WA AR DY Ay 45 SR i 225 W ) L S AW /N B
VI 378 7 VAR 5 R0 25 00 S PR R/ ol T 4 0k
R 25 TC T LB [R) 0 1 45 S 1 m R B, DT o R
A XT 35 22 X5 Fb 43 B A [ A AL 1 DFAik 245 21 o A X 3%
25 2 AR AR PEAL 25 SR 0 48 X0 1R 25 5w 0 8K
R0 LU AEL , B R A5 700 P Aity 85 S 1 o %o 152 25 o g W )
HESEMASL, BN NNE. AXh
PR 5 2% Ry AR VP Ak T 5 B R 2 M A 4R ) T
HERE XL E AT AR R ] S R PEA 1 4 X 1 22 1T
SN (10) B 7R, AR 22 TR = (11 B



55 6 ]

AR, 4 JET Copula B ALK S HLYE RE 2 KB Be T S M4 1087

AE[:|Rm.i_Rc.i‘ (11)
_AE,

RE, X 100% (12)

e

Ry AR 23 1) S RTS8 A DAk A5 250 R 3 SR
MR DB AR ¢ W ZN B TSR R A R 2.3
Fe R0 BRG]

Pl 8 Sy I b A TR ik ] R 0 o 3 D 25 AR Ak
£k, 2% 2 2 PR AR L A AN ] 00 A5 AR 0 %8 22 19 e

0251

——EAIM1

0 5|0 160 1.%0 200
AR
IS AT S VP A 0 24 00522 ) 2%

Fig.8 Absolute error curves of model reliability evaluation
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Table 2 Relative error of different monitoring points

%

RATIE 40 80 120 160 200

BB M1 28.2 25.8 19.4 10.3 3.8
BRIM2  29.7 27.1 24.7 16.4 14.5
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Table 3 Euclidean distance error of models

FEE Y S A M1 M2

B R 22 1.690 2 1.9523

i LRI R Y RE S BRI iR T R R
B2 W Belis LS, A A5 i B BOAH S PR A AR
JIT B H ) 25 I B R 2 ) A O P ) AT A A A
BRI L RE T 4r Mo B B BOB AL R IR A& R R
[ B G 1) o 8 2 v T S 2 R B S B A6
B A8 TRAT G BRI AR X 0% 22 1 2 Ok AL
PR VA MER 2 1 S ¥R 25 Ll a5 A R
5 BN RE 2 BOIR 25 9 75 A o A o B B AR S M AR
% T8 BOR S 6] A S B RTS8 R PP AL A B 5P 2 i3
LR T 2912.9%.

4 & &

(1) &F X T AR SEBs v B B BOME R AE 1Y PEE 2
HORA 1y1E oE FR L 42 T Copula BLE 1Y K 5
BLE BE 2 BB BOR S AT SE MR AE BT 8 . B ST 45 2R
F W R A S L RE 2 B8ORS 19 1 A2 1 72 2 5
B AEME ELAFAE By B R AE | [R) Hsf 96 A8 2o 5 A 8] 1 By
BIaAH E AR A DR PP A R A S AL BE 2 By AR
A 25 22 B B2 T AT 25 0 BT A

(2) % T Copula 3 it # 7 7 B Bz 8 2 Wiener
b FR I A WE A A1 R BB AY 255 e B T R Sh LM
A 2 BOIR 285 18 78 3 78 19 3 2 4 LA 2 By B[R] AH G
PR R, A5 30 19 1T 5k DAl 45 SR o L A L
K 2 BRI AR Y B () R OGP B AR, S 24 15 2
T 2512.9% , 2 S BR TR b R & S LR & EAL
49 07 FH A T 3R T

S 3
(1) BTz B, 20k, 45 . 5 2% 2 G0 4 7 5 W Jeofi F

HE R AR 4k 0 3] S0 A 4 b (7). B s A sk,
2021, 47(1): 1-17.

LU Ningyun, CHEN Chuang, JIANG Bin, et al. Re-
cent research progress of complex system maintenance
strategy from situational maintenance to predictive
maintenance [ J]. Journal of Automatica Sinica, 2021,
47(1): 1-17.

(2] PhULAE Z AR . 2R 48 92 1 BE TT 48 1 D1 Ak 1y DL - B

FEDL ARG TR SR 78R, 2013,35(8) : 1790
1796.
SUN Jianzhong, ZUO Hongfu. Bayesian method for re-
al-time performance reliability evaluation of systems[J].
Systems Engineering and Electronics, 2013, 35(8):
1790-1796.

[3] OMSHI E M, GRALL A, SHEMEHSAVAR S. A
dynamic auto-adaptive predictive maintenance policy
for degradation with unknown parameters[J]. Europe-
an Journal of Operational Research, 2020, 282(1):
81-92.



1088 Moa o o= i KR ¥R %55 %

[4] WU S, CASTRO I T. Maintenance policy for a sys- 2015, 47(3): 360-366.
tem with a weighted linear combination of degradation [11] ®BJRAR, WUme s , X8 , 45 . 3T Copula bR BE £ 1Y
processes[J]. European Journal of Operational Re- ZmBA AT REEBEB[I] B ARE TR,
search, 2020, 280(1): 124-133. 2018,18(5): 26-32.

(5] 01, EM, ZEdttm, A5 . RHMUA & Sh LB 2 W7 5 BAO Zhaowei, GU Xiaohui, LIU Haixu, et al. Multi-
i A L BUAR PR AR S P 11 - i 25 6 2 T A A variate degradation equipment reliability model based
PR BELE 5 AR B DR [T 2 2 48, 2022, 43(9) on Copula function selection[J]. Science Technology
34°73. and Engineering, 2018,18(5): 26-32.

CAO Ming, WANG Peng, ZUO Honglu, et al. Cur- [12] HAO H B, SU C. Bivariate nonlinear diffusion degra-

rent situation, challenges and opportunities of civil dation process modeling via copula and MCMC[J].

acrosengine  diagnostics & health - management 1T : Mathematical Problems in Engineering, 2014(3):

Comprehensive off-board diagnosis, life management 1L

and intelligent condition based MRO [J]. Acta Aero- . . . )

nautica et Astronautica Sinica, 2022,43(9): 34-73. [13] PANZQ, BALAKRISHNANN, SUN Q, et al. Bi
) ) variate degradation analysis of products based on Wie-

[6] ZHOU R, SERBAN N, GEBRAEEL N. Degrada- o
tion-based residual life prediction under different envi- ner process and Copulasl J]. Joumal of Statistical Com-
ronments[J]. The Annals of Applied Statistics, 2014, putation and Simulation, 2013, 83(7): 1316-1329.
8(3): 1671-1689. [14] IR, B TR, £ 4 T Copula bREON A 1 2

(7] B BRE M 2 T Wiener s R A A bt PR U B FE R R T 5 BT LT e i

A Al P A 07 9k D). O L 2016 TRFH, 2018, 35(5): 160-165.
(2): 87-90. ZHOU Yuan, LYU Weimin, WANG Shaolei, et al.
CAI Zhongyi, CHEN Yunxiang, CHE Fei, et al. Re- A statistical analysis method for binary accelerated deg-
liability assessment method for nonlinear accelerated radation data based on Copula coupling modeling[J].
degradation based on Wiener process[J]. Electronics Journal of Ordnance Equipment Engineering, 2018,
Optics &. Control, 2016(2): 87-90. 39(5): 160-165.

[8] YAN W, SONG B, DUAN G, et al. Real-time reli- [15] B, B, R E . SEE bR B Bk R (o @i
ability evaluation of two-phase Wiener degradation pro- AR T]. ARG TR S W 3R, 2021,43(12) .
cess[J]. Communications in Statistics—Theory and 3725-3731.

Methods, 2017, 46(1): 176-188. MAO Zelong, WANG Zhihua, WU Qiong, et al. Bi-

[9] #FH a5 T M B H &N Wiener variate and two-stage degradation modeling and reli-
A (R A A BT L] A e AR, 2022, 48 ability analysis[J]. Systems Engineering and Electron-
(2): 539-553. ics, 2021, 43(12): 3725-3731.

DONG Qing, ZHENG Jianfei, HU Changhua. et al. 167 5 gprigr gesp i, 36T 40903036 09 10 4 0 k579 K6 )
Residual life prediction method based on two-stage BRI R AL TA . 2018, 18(14) : 48-53.

adaptive Wiener process[J]. Journal of Automatica Si- WANG Jianshe, XU Zhonggen. Network traffic
nica, 2022, 48(2): 539-553. anomaly detection technology based on fractal theory

[10] XV, BT B A4, 5 BT 2R it iy sh it i ‘ o

) [J]. Science Technology and Engineering, 2018, 18
Pl 42 F5 o TOM T vk [T]. B 5 A 25 A0 R K2 2 3l (14): 4853
2015, 47(3) : 360-366. ) )
[17] WANG H, MA X, ZHAO Y. An improved Wiener

LIU Shengnan, LU Ningyun, CHENG Yuehua, et
al. Residual life prediction method of momentum
wheel based on multi-degenerate quantity [J]. Journal

of Nanjing University of Aeronautics & Astronautics,

process model with adaptive drift and diffusion for on-
line remaining useful life prediction[J]. Mechanical

Systems and Signal Processing, 2019, 127: 370-387.

(%4 . AHER)



