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Abstract
Aiming at the problem that the reliability of existing performance sharing systems ignores the
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impact effects of component-level shocks, this paper aims to construct a reliability modeling
method that simultaneously considers the dual impact effects of components and buses, and pro-
poses an improved model based on the weighted k-out-of-n system to improve the assessment ac-
curacy. A unified “degradation-shock” framework is constructed by embedding the effective/ex-
treme shock effects into the generation matrix of the component continuous time Markov chain
(CTMC) and integrating it synchronously with the shock response received from the bus. Monte
Carlo simulation and Universal Generating Function (UGF) technique are used to evaluate and ana-
lyze the system reliability. The simulation results show that, compared with the baseline model, the
dual shocks reduce the system reliability by 18.26% and the mean time between failures (MTBF)
by 6.5%. The parameter sensitivity analysis shows that the system reliability is more sensitive to
the effective shock probability. The proposed model can effectively avoid the overestimation of sys-
tem reliability, and provides a more accurate theoretical support for the formulation of protection
strategies for high-reliability facilities in shock environments.
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FERLIBERE . EAEM A TSR 28 R g, TEREILE RGN I TUR S5, RENSAELLL:
VEREAN MBI O T 4E5F RS TRE, PEREIL AN DBl RO R T SRR EE T 0. A
FOOSPEREIL S R L AL S AT SE MR PP AG BEAT T IRAIRZ, Niu 5[ 152 1 1 ) 8 R INAL k-out-of-n:G T &
G AVEREIL R, IR ST AN TERER AR SRV EALHLE, 4545 Copula bR $C 410 R AR AR 1
FEAE B Lz AT A RO FEE PP S, SRR A A X RGBS AT SEME I R R . Shangguan 55
[2)H5E T 2T 2 70 Wiener 1BAY - il 58 5 AR RO AR 5 20 25 Wb R A P SE AR, S8 d BE AL AN, Wiener
HREIR T RGBS G B/ AREU R AR AT N, IFRI Copula B& KM IR (LI FE ] AH
WM, BERA TERARGEZERIEEREE . Wu BB —PHE T 2EMPFESER TRt =R
GialSErE i, R RGP A BURIERT TR I 15RO

EVEREILE R G R FEVE 2 el BENL P dr S TEREIR AL A2 P ECATSEME T R PIRIZL IR . 2 X
MR St 7 - IBAAR G IFIE TIRAIRR, IRARSE[A]E AL n Br BRI &5 m i BB AR, X
AR XA B HON A BRARES 2 10), 38 S /KA RS W AR 2 oy SR A KA OC R s PV 9 5%
[S1it— LAt bt 02K, T IRER T AR T e E) . AR (T ORI RN IR 5B 5
R)s B bt (EERR KR, HRMAELNE Wiener i AR HRBAL, #E THIE “HROPHER” K5
PR, GRAD 1AL SR RS R DT RE T AN A o R S5 [6]7E PDMP HESE T 467 1 ihadi ik
FERPIRSHARE . X LSR5 L R AR T & s R T R AL, JER S IEREIL AR R “ e
B (ZRAFE) - DN - REBR” RRRGREERMAER.

Bk, DA O TEAERELR i DL N REAE I AN 2 — R Z AR T “ArHERe” 5 “ B4
et MIPEREIL = R Goh i @BHELL, DS ARG TSR SRS NEI =S
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M U R AR R A R G2, PR TR 2% ph A58 T PEREIRACHUEL IR AR AR . Wu S5[3]A2E4L
PR EERAE T VEREIL S R G 2 AR MBS 40 T BT SR VAl (LB b ol U T i A A1y
Mg T XA RE R BB .

ST, ASCTARAE Wo 553 RBRIEA EARE, EEABECL T =ANJm: Hok, =Rl 7 —F
WU P el SRBN I R BE S5 0 /R W] R, FEVERESE AR 2R N RN 5 8 4L IR AL 5 B AR S AR A B[R] 1
Hls F, KRR T S 2R m] R A R g S S, L e A ek B0 (UGF) & — R iz N+ 201K
BRGNS LARARIEE T H[7], Su 55[8] [9]Fil AL i B (UGF) VAR T 2 2% R 4 v] 524k
N, BRI TEREEAE TR . BRARIE R 2 RS ARG EEE R, R — A R AL
FEFET R, BEA R R S E REREI (8] O BEA LB AL AR [10] [11]. S/RAN R RES: & =&k 70 280K
A Bt i) SR B TTE, X RGN RERR SO FEBEAT 2, A R G 1 B E R T SR
filtis fa, EEEG S50 HRAE TR A R, 45 RRYNZITIERENS I 2R R G R 5
P, IV TRESCER b S B SRR AL S B R BRI MR T HE B T A 2 5% . AU 54 1 s,

Table 1. Symbols table
1. fFSUtEA%

AR S E A SRR R,

" ARG AR B, P(B,=1)=03, P(B,=0)=0.7

a5 ALY M B AT 478 Y \‘?;“4;_\'
K REERTHRRRRAGRERE g 00 ARSI S A

BRI R
G,(1) 5 i AN R S ».(t) 55 i ANEPEFERS %1 ¢ %5 VE RS R A A 1 B
H, 5 i AN R R a 55 i ANELPELERIARI 2] ) 55 VE B S SR A A 1) B
W, S ANAPEIPEBE TSR 1(¢) W2 ¢ BRI SER, 1(r)€{0,1,--,L}
4 5B i AR RS R H H Oy T B A AR 1 Y22 49 ) B K ] A R R
d AN AM LR 5,(1) W2 ¢ B S A TR SR 1 IR
C ARG RA R R(?) RGAER % ¢ {97 S R K
L BBALATRE B S5 1y APERREL FERSI N 1, R0
5 BEAERTFRER, 5€(0,1) s Eh el 1 A () L B T o
) KL 0 Bk C(r+1) t+1EZ1, éﬂfﬁﬁ?&ﬁg’gggﬁﬂﬁ%ﬁ)ﬁéﬂ#ﬁﬁ%
Pos P> P, Jealile, AR B G, AL B SRR AN B 5 B LA IR AS T

Pyt p+p,=1

2. RGHRBISHE
2.1. BG4

KO R GE T AL k-out-of-n:G PEREILZE RGE[3], IIAL k-out-of-n RSG5 - H Chen[12]
SR Wu [13)55 42 H, J54E Levitin [ 14K HY R BIZAREHTE . BN FE WA ZT MM T IRER, %%
[151EEXF Z2ARASIIAL k-out-of-n RGEHREH [ AIFENME M TE, AREA K FEE T 2bil. RGiH n D)
REHL T — D AFL A ZR A B 58 n NMAMFRIPERE R — A ZIREBEILLRE, A H, MEREEL, NG (1) .
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PERESERBEIT M 2efk, HAZBENLAP S, ANHEAEE DRI R W, BV AT RESR. SOHENE
X, 12N, (i=1,2,-,n) o AICBERTAEAM 2 MILEIERE, S&REAE C & — B
&, AZMEREEY. BAELRERN IR, RRBER D2 IRSHILERE, 2Rt
FRABRERA LA MER, 1IEN 6 ={6,,6,,---.6, | » HP o =0REFEAHHE, §=11RMHTERE T2
o RGN TAEFA AL TAEAMREBREANT LI, RGIEH TIE. RGEERMHLHAEIZT,
M MRS RS ECN B RARA AT . BRRIP T A =M. e, MR py s ARG, R
N py s Bomrdn, 8RN p, o RIAFE B LI B RBL.

2.2. WEHRERAHLE]

5 AT I T RE b o X B R AR FAR R IR AN 7], A SCHR H R 00 ey R [RD 258 T b
Xt ALAEE REAN o AR A AR (1 2

AFYEREROIR AL e P AR 2 2B AR IRk R S5 0 B P [ F2 8 B () S /R P RS R e A% s 2 B 2K
PR, ALPELAAT RE M BER PR — MRS, 2 B e i, AL DARTRERORER FLE R A PR RE
N0, AR BB iy RS F A IR BSOS R T ORI AR o 2 A% A B R S5 20t R TR S 1] 5 7R T
RISRERA, hrFFFEN AR, R RGN EREEME S, HERFE TREEN. N
AWt iR C R kit AT i i 124 S AW

c (). SR
C (1) = max (€, (1) B, Ty ) FiRCE
c(1)-(1-8,). Wb

LIRVERESE RS A I TR TRE B e TR b RE AN AL, AR REREF AR A Rp
dri e R A, AHAERELL MR R g WY . BB R T M ey, o
JERROR, ZAfF MEREIRRR, PEREREN 00 20T W T ALAEAN R e s N O SR AU, /IR
BNTEEN, ThaE P B IR, AR R AT BERR N SR AL

AR R AR R AR P(B, =1)=0.3, AFFS; P(B,=0)=07, AMFEAREL. Hmmdirk
RIRWRE P(B, =05), AIHRAG AW, ARG 1 ., =1, TR0,

23, AR RATKRERE

53N B0 S PR — A P 5 ) 2 2 ) R (CTMOC) G, WAL 1 5 H, MERE SR, RS
HRAEIEN O, KA 0 R AKRURA, RIS, BRIl O HOLERE (H, +1)x(H, +1) .

0 0 0 0 0
H;
i i i i i i
Ao _Z M, — A M v Hiea Mg,
a=2
H;
I EPY; i i i i i i
0 = 22,0 ﬂ"z,l _Z Hyu— ﬂ'z,o - /12,1 o Mg Mo m,
a=3
H;-1
i i i i i
/IH,-,O /?’H,-,l /1H,-,3 AH,».H,-—l - z My, o
a=0

BEAh, ALz, HAVERESE R 2B B . AR, DIBER p (B4R TERERRIR— 2 M)
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NSRBI IR AL ISR G A R e — VTl RO IR I oo 8 R I M R BT ) B R T R AR, i
NS, SHYEEE (H, +1)x(H, +1) .

1 0 0 0 0
p+p, 1-(p+p,) 0 0 0
S=| p, 12 I=(p+py) = 0 0
P, 0 0 Y 2 1—(p1+p2)

PRI LD B ISR FSL, A phabhIn RS AT S HNTEGLIN 1) /R 1 R GE O, EARB AT &

HENALERA TR FE A KA
G, =Q,.+,B(S—1)

15 B AL PERESSAL IR B 22 B0 F AR AL RIBE LI R, SRR AR BUARRSE IO IR RS R 1%, Lt
DR f k35 RIFRRAS B, —F ML AR AN, b DRAFHE AR, R (H, +1)x(H, +1) -
MR, AERRRE, @ =(0,0,-.1), o KR Ix(H, +1)« WAEENZI:, i ML TS
MERSRE AR ITRA [ po (), 2y (£)+ P, (1) | = o exp(Gt) »

24. BEBRFEHLER

AL ALHESE YL (1) € {0,1,+-, L} HBD A AT Wu 25(3 1387 1 T /R ] AT AR . 4 M2 5
W, ATREM ISR H—, ToRhdn, MR p, . SECEMAFRESEG K, A A p
AR AFRESE O, VA Rl RIS J0E T min (1+m, L) ; 5=, Wb, 18
A py, PSR B 5 A SRS Lo 2E R, R AR BIH B, (B AL
SEYCERNA Bp, (BORIhRE AN FMEEAGIRNTR 5, (¢) 7T L BRI O, F il

_ﬁ(Pl +pz) Bp 0 Bp,
0 _ﬁ(p1+P2) 0 Bp,
Ow=| : . : :
0 0 _,B(pl"'pz) Bp,
0 0 0 0
SEME T HAME I R R RN p(1) = aexp(Q,,t ), a =[1,0,--,0] - A&HmIAFEER
(1+1)m
5,(0) =1y, PO = O Lo bt R, AR R — 4, BRI PSSl
p(t,mL+1),1=L

HL.

B, RGSEMIE AL L p, (1) 5 BB 5, (1) IG5, FEIRN UGF BRUELH, M
T SEPU B 23048 T KRG RefL M%) .
3. AT RS

FURFRIEAAE — M T FENL PR SR k. B[ 16 IR N F R R IE T E R RS
AT E T, BRINEWRELEREFEEN, BRSIRUREL . SR ] REESRFRIEMCMO) 2 i &
L RA] REE, (HHCSREE AT B AR AR [1 71 715 NATEEBENLII X R Gl S 052, @8
M FAIL . RS E . UGF RAEM LS HBUSME I 52 BHESE . w5, i i fE A ik
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M FANEREZ B), WKIEMED G (py, py, p, ) ERRR T RA, FCRAM S B ZORESTA: S
FERIRFE 4% 2.4 RN TE B, 2R AR AR F b b SR Y B 28 R B —— A 20l DL 30% M e ik 4 B 2%
Wik L S0%MESR S EUR AL

BT SR RIE TR AL ARG . B N = 1000 KBS 828y, BB, A b 581, Siit 4
P SRR B T 55 R R

1 N
me‘l,i = N,{Z:;I{Cf”(/\/f):()}

K 38 AR B R BU(UGE) B AR SR R G vl S, 38 FH A2 B R 2 18 Sk #2 0T DL Levitin [17] K 2HA4R %
& UGF 553K UGF B s RE AL AR - BRETER & 70 A, &L AAEMTFE UGF 1B FIvEMERE, HaE
MR T UGF SAEHFUN IR 1. ShEas /M BN 2. AU Sm i de) i e 24 TAEIRSS, &A&HRTE
TAEHA M SAE R Y d, = k FIE R v 5. IRRIDCEEm R, A o o it 2 5 i
PR RO, @ TSR R 2 OR/oP B S HUBUR . BT RN 2 A = AN R T AR A
SR LB 5% o

4. KR ESER
4.1. THEE

AHTFRHAIB k-out-of-n:G RGN NN AT G, L 4NT RS, TRESHUE WL 2 iR,
TARAMFMERERTRTET 3, AFMHE =[3,2,11], B - & - REERER. SLEmsR
C =[10,4,0], XRLABEFR 7 H19[0.5,0.4,0.1] , EHFEELY 4 205 =[0,0.1,0.3,0.6] . PhrZEIIEF)Ny
B =0.02 //NEF, SF35 50 /AN R AR 1 e =P REER BN p, = 0.6, p, =0.3,p, =0.1. AR
RN IR SR, 8 BRI R R B AR SR SR T, i B B R R L, W
B L=3, RN, AT R S5 S = 0.6 o IZBUERBBON R T I AT FEEAL T, A
B R AR A G (Y R G A N SN R, TSR S5 R AR gk . % T MERE L 1 ALk
WO, ARSI SR FH R 1 R I 2l R AN LA, A [R5 D /I 1 8 A6 R AL s R 2L

Table 2. Subsystem parameter table
#2 FRGBHE

T ARG PERER IUE ek F A [ i SRAH S

0 0 0

1 {1,3,5} 0.005 -0.015  0.01 {1,3,4} {0.3,0.5,0.2}
0  0.005 -0.005
0 0 0

2 {0,2,3} 0.006 —0.018 0.008 {0,1,2} {0.4,0.4,0.2}
0  0.006 -0.006
0 0 0

3 {2,4,7} 0.004 —0.012 0.008 0 {1,3,5} {0.3,0.4,0.3}
0  0.004 -0.004
0 0 0

4 {1,2,4} 0.007 -0.021 0.014 {0,2,3} {0.5,0.3,0.2}
0  0.007 -0.007
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KSR RIS, HIE 1000 SRS H R SIS 0~300 /M 50 /N I a7 7 8115 L
IR BEE O OB AR BRSO s A OB S I, SRS R A e (4
FEANRAL), XU b R I 5 S AL 5 R AR P R A RN . BT S U, RGN T
B di iR p, ££[0.05,0.15,0.25,0.35] Ak i B3 p, ££[0.05,0.15,0.25,0.35] DX [] fy m] FE P L o ety
ARSI FECT P 3 4 = 0.02//NE ), AR LA 30% B A A AL 1FRE S, bt B S0%H%
FRBUUF R, BEAABFER o RSB R RS (6=0.6). AUFRESRA[3,2,11], &
MR AR AL 1 SARBCEALAE 3 M 4 1 Z2 R AL SRR . A BB AR T XI5 F X S O B At It 1
SRR T AT B, S SRR — RO

4.2. SCIGEER

4.2.1. BERTER S

K1 R TSR IRBENLAF P A SEIL T, 6 EESEM T (5 A Rrhay + 1 kB ) X 4 S RE
MIsmid . WIS T A A A T o PERE S . AR DR, R A A b T 23R AR
RE T FE&ds, TR E ARG . A h o ] e B AR AR R TR AN 2 i AE L
XN BASKE, AMBEE S IEssrE R IEAHDE, A b o i R AR RN MR S b s 3[R S 22 4t

PR TR
FEEHE T AR LT
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Figure 1. Cumulative shock effect (component degradation trajectory)

B 1. o E R R (R LRI

BRI B RS E, v T RSB, $ER NTERAE, B2 B8 T 1000 IREFE R
RS S AR R, A 12 62.5%, 1 2: 65.6%, HAF3: 59.6%, AfF4: 61.6%. FifE
PR R 0, OB A 2 ppiifem . kel LUE H, ERKEEE L, diah g
AR ISR, R KIS TR S R T — 8 XEI T AR R A 3, B ph i & 4 )= Rl
MU, ASTIBE AT AT 2 A
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Figure 2. Component failure probability (1000 Monte Carlo Runs)
2. 1000 REHF IR RINB M R

4.2.2. RGARMXIEE

Table 3. System reliability comparison table

? 3. R A EMEER

Ei=tan FE iy FEL A L A A I 22 OV E phts vs 14 58)
AJEEME(e = 300 h) 0.8918 0.8828 0.7216 -17.0%
MTBF(h) 269.3 268.6 251.1 —6.8%
HAF 1 KRR - - 0.604
L 2 SRR - - 0.652
A3 KRR - - 0.637
AL 4 R - - 0.595

F 3R T MR RGN PR RIRR E [RI(MTBF) A S A R 326 . Horr, AR Gefii Al
RS T A R, SRR T e R A b T AL R REAIRAL, I N AL R SO R A T S |
FEGURRY | B AR U e A A ) T SRV I ZRTERIUE BN B LT EE G, (RIS () HERS 22 R 1B
Ko fE =100 h i}, LGHEAITTEEMEA 0.8813, FEMERAI W SEM: N 0.8993, WU phoi 18 [ ] S vk
4 0.8813, ZEFIFUERIL: £ 1 =300 h i, (EGBAIATEENEN 0.8918, FEAEMBIALI A FEME 0.8828, 1M
K RN 0.7216, 2 5FIAF] 18.26%. MTBF fEXH i 7 4 251.1 h, BALgiAl 269.3 h
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5% 1830, 21 6.8%, HIIELLAM 268.6h 45k 17.5h, 2] 6.5%. Kk, g LS00 afh 240k
RIEEPE, 22 BEIN TR RR SRR, e B H SO0 e R 0 A ] SEME P4l B 9 P AR S 14 3 246 T
UH P SR AR TAE B R R T SV 22, B K ZEHE0T 0.16120 A& SEIE YN i T BLAERE A, X
oA ) P SEVE B A I ) B R R . X SR LR AR K IS AT Hh 2O AN S R ek o 2L A 1D 5 e 2 B K T s
CIES:

Kl 3w 5% R — AT IR BB ERE, oA Ran L2 RAEZE T 5 AN E 5.
AR WAL T S 22 T I IR SR 2B I X AR 2RI, R AR AL 2 R ) M 6 22 S OB I 5%, Tl LA
P NR— N RERZESR, MR P28 15 .
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Figure 3. Baseline vs. Double-Shock model reliability
3. RGUEESNERHIEB AT E ML

4.3. SRR

FEE 4, AT R TR p MR TR p, , BAL T ARG FENEXT R S U U

B A R AR N, RS RTEEE T B R . BRI, 2 Rk Ry 0.35 1T
RGUHE 300 /NFRITATFETEA 0.9 TRER 0.67, THRRHERX B AT SEVE 28T BEBON 82, IXERWI R
GRS EA ROt BONBUR, ATREVER R R . A FE R R T R S L T RS, RS
FIEEVEAE RS ILINI TR AU 0.9 FE#ZE 0.85, RUIELATEABUE T, Mmool o R4 SEVER)
MR/ PRI, R GEAT FEVE B2 R MR A, B e R AR X SR A S A TR
£ R GEBLTH LA KRS B B 2% e QUL SR> A el I R P REAR AL, T A S v o AR BI5 377 AT A DA U 22
EEES
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Figure 4. Shock probability sensitivity analysis
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5. ZieE5RE
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