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Abstract: To evaluate the effect of failure mode correlations on the mechanical system reliability,
a system reliability analysis method and its implementation procedures were proposed based on
FORM approximation. FORM was used to calculate the reliabilities and sensitivities of all the
failure modes in the system, and then the failure mode correlation coefficient matrix for
determining how they are correlated was obtained. The solving of the system reliability model was
converted to the integration of multivariate normal distributions, and the efficient approximation
algorithm was used to get reliability degree. The definition of failure mode sensitivity and the
corresponding calculation method were proposed based on the numerical difference, as well as the
definition of random parameter sensitivity and its calculation method through the composite
derivative theorem. The results demonstrated the efficiency of the proposed method for quantifying
the mechanical system reliability with failure mode correlations, and also the feasibility for
identifying the key failure modes and random parameters.
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Fig. 1 Schematic diagram of performance function
linearization and geometrical interpretation
of correlation coefficient
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Fig. 2 Schematic diagram of correlation coefficient and
its relationship with normal angle of two different
tangent planes

2 RGN EEMHT
2.1 FAIREITE

TEA ] FORM X 28 4t n] Fg P R 1 0 v
FIIRERR BT R IEALAL B2 )5, T LK X (1)

LN
Py =Pl U(g(w) <0)} =P| U (B, -alu<0)] =

1-P{N(B-alu=0)| =1-0,(B:p) . (9

itqjﬂ = (B, ,"',,Bm)T;P = [pij]mxr;1ﬂg$ﬁ3‘é/%§&
;e 5P ZaiT'aj;

B Bin m 1
o, B0) =[] [ emTipitx
exp[ —%sz"z]dzl---dzm; (10)

T T .
= (Zla'”’zm> LY =1,2,-,m.

R, T LK (2) fii
Py =PIN (g(u) <O)| =1 -®,(-Bsp) .

(11)

ATUAE O THXEREOEE p 51 f
15 R GE ] HERE T AT LA SR 078 B AS S A B A 56
P @QARIS IR B R GRS R S, o S
XA LU A 2R (10) s 19 2 48 IE SR ok
fit. FOMN, PCM %5 J7 15 3 F 25 - A R Y S AR JEL
R B 22 E ST ALl 2 A SR 1 e FY
7] .

PR, ZE RS (6) At (8) 23 il 3R AR 4% 2R 4L
) P8 BE HE B B AN R AR A O R B 4 p
AL b A (9) BU(11) ¥ R GE AT ST
BEAL N 22 4E 1 25 B4y 11 B, 1 R FOMN,
PCM S5 B S R G 5. th X — kT
FORM U, Pl AR SCRR 2 Sk 3 F FORM it
BLAY R 58 T SEPE A3 HT k.

2.2 REELSW

TE RS0 ] S 2 OB 4B I, AR S R
TP R ST . — SR R R U B 452k
BB X 22 G0 T & B B4 5% 10 17 450 5 — 2k ML AR o
R, R4S BEALAS X 2 480 58 B A5 5 B
Horp R R R U aB/aB, (i =1,2, -,
m,B R G AT HEFEREE) , AT LR F R 22 53 T
B TA

) r_
Ko B RNTE B, BB/ NI B AB, LT 1 R
GEnTAEREFR AL, AB, W HUM 0. 18,. [FIEE M, AT LIAR
P FLAAR IR P ) I 22 43 s AT S 2245 7 stk AT
AR R T

FESEATREMLAS B R S TR, T b
HLARS i 2 [A]ELA A OC 1 1 — M1 O, 4 B ML AR o
FEE R LR op/ay, (j=1,2,,n),H
H,y, SRR HE IE S A A BENL & y = (y,,



1456 AKX FFR(ARFFIR)

% 38 A

Vo, y,) | IS AU R, M RE LR B AR Ty
PR AAS R y 5k S AR o E 25 a5 6] Y Bl L AR
HIRHR .
y=Lu . (13)
K, Lk W LA & A O R BUE B p, &3
Cholesky 41321 T =M FE. MR 5K S
e RGIIYRE |
9 < B IB;
af, = 21 agayj (14)
;08708 KRB RBIE ; 0B/ oy, IR
RO T REMLAR & ) RUE. 456 (6) Al
(13), Ar g 2 H e A k2.
9B, _ 9B, Ve (u)
oy " a(Lu) MO
BT EREHLAS B A OG0B/ 9y, He 5
Hr¥0B/du,. FTLLE i, >Rk ] FORM i J7 12 i
TTRG TR, 4560 (14) fisX (15) sha]
DAAS 2 AL A £ %) Fi 2 R AU

:(L—1>T

3 &

BLIGIAE R 5815 B RGERY LA RSN A 3
PR AL I8 i 4 A6 R BT S R I R 5t
R R TRYE B Th A 4 A0 35 U AR iR 07 SR

A TR M 55 2 A W 2 R A . e iz R L Y
ATAEPEKT B E B R S R R

g4

3 EEHERBESRARZEMTER
Fig. 3 Schematic diagram of cylinder gear reducer
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Table 1 Probabilistic variables and their distributions
T,/(N-mm) N(5.547e +6, (5.547e +5)%) Sg/MPa N(547.52, 16.43%)
T,/(N-mm) 2T, Sp/MPa N(547.52, 16.43%)
T,/(N-mm) 2T, Sp3/MPa N(690.42, 19.51%)
T,/(N-mm) 4T, Sry/MPa N(690.42, 19.51%)
d,/mm N(224, 2.24%) Sy /MPa N(1478.56, 44.36%)
d,/mm N(448, 4.48%) S/ MPa N(1478.56, 44.36%)
d;/mm N(224,2.24%) Sy;/MPa N(1546.78, 46.4%)
d,/mm N(448, 4.48%) Sys/MPa N(1546.78, 46.4%)
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Table 2 Deterministic variables and their values
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Vi Ysa ¥ 1.26 ZZinZos 240. 31
Ve Ysu Yoy 1.25 ZuZwZ, 263. 01

K 1.81 Ky 2.19
Ke, 1.97 Ky, 4.41
Kes 1.49 Ky 2.08
K, 1.48 Ky 3.42
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Table 3 Reliability results of various failure modes

e rR %L D(By) @
G, 0.9954 (0.9277,-0.1143, -0.3555)"
G,, 0.9961 (0.9270,-0.1147, -0.3570)"
G,, 0.9898 (0.9373,-0.1132, -0.3296)"
G, 0.9936 (0.9357,-0.1145, -0.3338)"
G, 0.9853 (0.7925,-0.1852,-0.5810)"
G,, 0.9826 (0.7942,-0.1848, -0.5790)"
G, 0.9803 (0.7954,-0.1845,-0.5774)"
G, 0.9862 (0.7919, -0.1854,-0.5818)"
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Fig. 4 Probabilistic fault tree of cylinder gear reducer
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Table 4 Coefficient matrix of failure modes
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1 0.86 0.87 0.87 0.76 0.74 0.74 0.73
0.86 1 0.87 0.87 0.73 0.76 0.74 0.73
0.87 0.87 1 0.88 0.74 0.74 0.77 0.74
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0.76 0.73 0.74 0.74 1 0.63 0.63 0.63
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0.74 0.74 0.77 0.74 0.63 0.63 1 0.63
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Qa0 a9

QaQQ

w
b§}

Q

R5 FAEFAETHREVEE
Table 5 System reliability results of different methods
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Fig. 5 Sensitivities of failure modes
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