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Abstract This paper proposed a joint periodical inspection and spare parts policy for a single-unit system
subject to a three-stage failure process. In such a policy different maintenance activities are performed
depending on the state of the system at inspections. When the system is in the normal state, do nothing;
imperfect maintenance (IPM) is performed once a minor defect is found and the proportional age reduction
model is adopted to describe the effect of IPM; however, once a severe defect is detected the system should
be replaced. The spare parts state should be considered if the replacement is required for the system,
and there are three different scenarios. The first is that spare parts are available such that replacement
can be carried out immediately, the second is that spare parts have been ordered but not delivered so a
delayed replacement is performed till the arrival time of spare parts, and the last is that no spare parts
are ordered then an immediate order is placed and replacement till the arrival time of spare parts. The
objective function minimizing the long-run expected cost per unit time is developed by considering all
possible renewal events using the renewal award theorem in order to optimize the inspection interval and
the ordering point. Finally, the enumeration optimization algorithm and discrete simulation algorithm are
designed, respectively; and the effectiveness and applicability of the proposed model are illustrated by a

numerical example.
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to—T; min(to+L,Tx)—Ti—z—y
/ / / fxi, 1+1(95)sz i1 (Y) x,, i+1(2)dzdydz+
Teo1—T; to

sz

to—T; min(to+L,Tx)—T;—z min(to+L,Tx)—T;—z—y
/ / / Sx1i11(@) X041 (Y) s i1 (2)dzdyda+
Tk—1—T; 0

min(t,+L, Tk) T min(to+L,Tx)—T;—z pmin(to+L,Tx)—Ti—z—y
/ / / Fxvitt () x40 (¥) fxs i1 (2) dzdyda
t 0

o ’ (17)
s (16) F1 (17) TTHEESI S BAMIM IR A ECs (T, t0)
o0 k—1
ECs (T to) =) [(k —1)-Cr+Crt(to+ L=T5) - Cif + 3 _ Prear(Ti)-Crpas (p) + Cr |- s)
k=1 i=1

P5 (max (to, Tx—1) < Ty < min (t, + L, Tx))
HH Py (max (to, Th—1) < Ty < min (t, + L,T))) = P51 (Th—1 < Ty <min (t, + L, T;)) + Psa(to < T5 <
min (t, + L, Tk)).
X ICE A, MR PRGN ¢+ L IR R e T A, BT AR ESE T A BN R BT R BE ELs (T, to)
A

EL5(T,t9) = Z [to + L] - Ps (max (to, Ty—1) < Ty < min (t, + L, T})) (19)
k=1

3.5 RGTENZ Ty ZEMHMPE i, KSR vV, =2

T RGAENZ] Ty BAEBEREMRER Vi, = 2, NTIHE to + L < Tp; XEHRGTERN X [H
[Tho—1, Tr]) NAAERR, 15281 S Ty W2 max (to + L, Tp—1) < Ty < Ty, JESTERRRETZ] Ty SLBIEE
B THEGEL L to + L A1 Ty HHRICFF TR B

1) % ¢+ L < Ty BY, RGERHIG A TE BRI SRR ST TE ] [The—1, Ti] I (ANET 9 Fis), B
WS RN R G0 & A BRE B B3 7 5 B A A

P61 (Tk—l < Tf < Tk)

k—1
= ZPIPM(T
=0
P(Tk_l —T‘ <X1 <Tk—T4,Tk 1 —T‘ <X1+X2 <T]¢—T7‘,Tk 1 —T‘ <X1+X2+X3 <Tk—T7;)
k—1 Ty —T;—x Ty—T;—x—y
=" Preu(T: / A Pt @) fxmirn (1) Frp i (2)dzdyde (20)
P Ti1—Ti 0
A X2 Xi X2
| - ’
. 1 I, T, T,

B 9 REEMNR Ty, Ty € [T, Ti] REPE, EHRERD Ve, =2
2) % Ty < to+ L < Ty B, EFXHRRBIIE S A= BB AR X ] [Ty, T) L =FATEEREGL (A 10
FR) #E: ST HER.
Poo (to + L < Ty < Ty)
Tk_l—T1;<X1<to+L—ﬂ,Tk_1—n<X1+X2<to+L—ﬂ,,>+
to+ L—T;, < X1 +Xo+Xs<T)p —T;
= Too1 —T, < X1 <to+ L—Tito+ L—T, < X1+ Xo < Ty — T},
=2 Prews P LT« X 4+ X+ Xy < To— T >+
to+ L—T, < X1 <Tp—=Tijto,+L—-T;, < X1+ Xo <Ty —T;3,
to+ L-T, < X1 +Xo+Xs< T, -T; )

P
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to+L—T; to+L—T;—x Ty—Ti—x—y
/ /0 / Ixvivt (%) fx,i01(Y) fx i1 (2) dzdyda+

tot+L—T;—x—y
k-1
=Y Prpu(Ty): /
i=0 :

:{,—‘i;—T Tk T —x Tk T,—x Yy
/ / Fxvies (@) Fxaisr ) fxo i (2)dzdydat (1)
; t 0

T1—T ot L—Ti—z
Ty —T; Ty—Ti—x pTp—Ti—z—y
/ / / Ixvir1 (%) fxy,i41(Y) fxg,i01 (2)dzdyde
to+L—T; J0O 0
TRV INEGN L A NG
T, 1 1, +L 1,5, T, T I, (+L T,7
(a) (b)
— X
X; |Xl ! X5
T, I I, 4,+L  T,7,

El 10 RFEMZ Ty, Ty € [to + L, Ti] REHE, EHRER Vr, =2
FHL HE, 155 FR2 Lkiﬂﬁlﬁ)z SERTHEAT R AR AR A A
k—1
ECq (T, to) = Z [( — 1) Cr+Cr+ (Tf — 1o — L) -Cy + ZP[p]u(Ti)-C[pju (p) +CRrl-

k=1 =1
Py (maX (to + L,Tk_l) < Tf < Tk)

Hp, Ps (max (to + L, Ti—1) < T§ < Ty) = Po1 (Th—1 < Ty <Tx) + Po2 (to + L < T§ < Ty).
B2 (20) F1 (21) BREIRKAERNZ] Tr(max (to+ L, Tp—1) + 2 < Tf < max (t, + L, Th—1) + 2z + dz,
€ (0, Ty —max (t, + L, Tr—1))) RHEBFERIBEZ R %L, B

(22)

k—1
P (max (to + L, Tk—1) + 2 < Ty <max(t, + L, Tp—1) + 2+ dz) /dz = Z Prpan (T)-
To 1—Ti+z Th 1—Titz—a =0
/T ., / {fxyiv1 (@) fxo,i01 () fxg,ivt (Th—1 = Ti + 2 — x — y) }dyda+
e—1—1% 0
1}; JiL T, to+L—T;—x
[ et (8) fxains () Fpisn (bo+ L—Ti + 2 — 2 — y)dyda+ (23)
Te_1—T; 0 /d
to+L—T, tot+L—T;+z—x z
/ / {fx i1 (@) fxsi1 (W) fxgit1 (B + L= T + 2 — 2 — y) jdyda+
Te_1—T; tot+L—T;—x
to+L—T;+2 to+L—T;+z—x
[ [Fxeint (0 Fxnins (9) Fxoiss (bo+ L—Ti + 2 — 2 — y)}dyda
to+L—T;
I, 52 Fr AR K
S Tr—max(to+L, Tk 1)
ELg(T,to) = Z/ [max(t, + L, Ty—1) + 2] -
P(max(to+ L, Tx—1) + 2 < Ty < max(t, + L, Tj—1) + z + dz) (24)

3.6 BinZ# —— BffEPRYHIE A
i1 Ross # BN B AL LA g/ IME B I E] P EBDSA G BSR B AR DUASIIES T Fas AT R
to YSRAL B RAARAL 22);

6
C(T,t,) = gg;z ZEC (T t,) /g_:lELw(T,to) (25)
HHr, EC(T,t,) f1 EL(T,t,) ﬁ%ﬂ%ﬁﬁ%ﬁ%ﬁﬁﬁﬁ%@%&ﬁﬁ%@%ﬁﬁ-

4 HEBIHH
4.1 BHRE
Weibull 4M75% I THIR R GUB AL AR 09, BRLAAHFILRT Weibull 545 ik RSURALE =B

Weibull Z3 7 I R R E A
h(t;a,ﬂ)za-ﬂ'(at)ﬁfl,a>0,ﬂ>0,t20 (26)
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Her, o fil B AARESE. BRSE £ 1 Sl T ZHrBuB I R giinis R 25, A 250
2w, TSN T p = 1 REIRE SERAEE, T RGEHITEREHHMAA Cr = 50, TiHhE
Crem (p) = Cr-p(0 < p < 1). BEFIPRIAIALRR, MASHALATITC, FIIERIFEEFHH N
0.2 JJ75, ITHHRRE L =7 K.

xR 1 VeEPEESHK xR 2 BAEE¥
Ao (z) ¢o (y) wo (2) Cr Cipm(p) Cr Cr Cum C2 CH
0.4 50p 200 50 0.2 1.2 2.5
o1 31 Qs B2 s Bs

0.07 1.20 0.15 1.10 0.21 1.70

4.2 BERLEE
AT R (25) W s ORI E T RUTITR ¢, RIS T RGN (T, Th] WEES
FSE BT 2, BTH T BB AL S

WA WIHERERSR, ASHEL L. p
ForT=1,2,---
Fort, =1,2,---
EC (T,t,) = 0; EL(T,t,) =0
For k=1,2,--- % FHEEIE—RIMER (Th_1, Tr] ITEAE;
ToHHEN Ty iR R GRI T EREIR ST
If to > T D&AFRES Vi, = 0, SERMTIAFHAERZA] Ty + L FFATEHS
EC(T,t,) = EC (T,to) + (6) + (8); FEL(T,to,) = EL(T,to) + (7) + (9)
Elseif to < Tk Nto + L > Ty B HRE Vi, = 1, FHEEBIRNZ] to + L #4785
EC(T,t,) = EC (T,t,) + (6) + (8); EL(T,t,) = EL(T,t,) + (7) + (9)
Elseif to + L < Tp % RES Vi, = 2, SLEIFERTZ] T #47E 5
EC (T,t,) = EC (T,t,) + (11); EL(T,t,) = EL(T,t,) + (12)
End;
RBRGHENZ Ty, Ty € (Th—1, Tr) AR ERENLEBE
If to > Ty %fARIRES Vi, = 0, SLRTVEFFAERZ] Ty + L HE4THE R
EC(T,t,) = EC (T,t,) + (14); EL(T,t,) = EL(T,t,) + (15)
Elseif Ty 1 < to < T %R VTf =081
EC(T,t,) = EC(T,to) + (14); EL(T, t,) = EL(T,t,) + (15)  %Vr, = 0, sLRNTIAFH SR 3117
EC(T,to) = EC(T,to) + (18); EL(T,to) = EL(T,t,) + (19) %Vr, = 1, &2
Elseif to < Th1 Nto+ L > Tp1 %V, = 1, SREEFFIRIA] to + L T
EC(T,t,) = EC (T,t,) + (18); EL(T,t,) = EL(T,t,) + (19)
Elseif to + L < Th—1 %R Vi, = 2, SCAPRAS AR R St
EC (T, to,) = EC (T,t,) + (22); EL(T,t,) = EL(T,t,) + (24)
Elseif Tr—1 < to + L < T %R&AFIRES Vr, = 2, SLAIIS AR H0BE R 50
EC(T,t,) = EC (T,t,) + (22); EL(T,t,) = EL(T,t,) + (24)
End;
End;
C(T,to) = EC(T,to)/EL(T,to) % WHEARREC BT A EAE A
If C(T,to) > C(T,t,), then itak t5 =t F1 C (T,t}); G5H for 53 End; %t, K E—RKIEHF t,
End; %3G EE T EEn, 8 EREE C (T, to) BvMITTHR A t5
End; %368 HAREE C (T, to) B/MHyEAtgE (T, t5)
Witk g (T, 10) LR B R R S MHERAE C (T, t5).

4.3 BRAREE

B 11 AR B R AR R, AT LG ) BB R E SRR, Wn TR A SR & B R
FENLAEIS =B BRI TSR IR, HFHIBHE IR v > ¢ FIERGA RS EREBIRE, A A N A5 24k
1&; TGRSR 2 > ¢, MRS ERERI ¢ SRR EERIEIRAE AR /T RRIRAS 43 BT UK,
A AL AR GRS I P BA P A A e, R RR IR IR PR BIHEA T HR. B, it B T AT
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BEA O(T,to). 8 TR A BRI SRE AT B B EA L I R B UE R A A 8

| RS FBMEEB YL p L Now T, t0 = t+L,7C=0, TL=0 |

>@m—»| finthl C(Ta)=TC/TL |

No
A 4

[ERE B BBEHLKEE: X, X, Xo; Sx=Xyy=x+ X z=p+X; |

R (2) 4 R I BB X, X, X

Lx=t+X,y=x+ Xa, z=y+X;

<Te>  |10-TC+CH+50 p

@

No
) !
No
Ye:

No

fmml f{eNq—l

Y

A

Yes

| TC=TC+Cr JFC‘RJF(Z—IU) Cu
TL=TL+z

Cc= TC+CR+(I—IU) Cu
TL=TL+t

[C=TC+Crt Gt (1,2)C| [TC=TC+Cr ot LCH TC=T€+CR+(mm(th{-t) TC:T€+CR+(min(t+L,z\{—t
L =TI +1 L =TI 4241 Cr+max(t,-2,0) C C+max(t+L-z,0)C;:
‘ TL=TL+t, TL=TL+t+L
| Lk

B 11 ERGhEEE

4.4 SRR

ARYEITEESLHY HAR R B, BIC (25), DA RIPHR H AR AL 3%, AU Matlab SR{F9RARXTHEALEAT
R & 12 S5 H T HEER A p = 0.6 B, FLALHTE] Py AR RERII R T FIT 8 A ¢, ZE4iiHy 3-D
WE. B 12 PERRRRMENEL T = 19, ITHRE ¢ = 19 MUK AU T SR E] P A /M
YA C(T%,t;) = 5.6569. BREIRGAER 12 FRE BRI HG A, H—PRIEE 12 FEREH T4
AR T 35000 18, 19, 20, ITHIMEITE 15 3] 25 Z [aAS (Lt A7t fa] PRI AS, W& 13 Fs. @
REXTE 13 FAREEARA ISE]: BRI (77, 45) = (19,19). mfl 12 M 13 fw, HRHE
A R I, AL ] P A S B AR R T BT A TR I SR B SE RS I B B, 5 SRR ISR . X2
24T BT TR B/ NI A A B SR, IR A A T 24 3T SRR, 5 B R Gu b s dy TR iR
FEESRBE TR REAT S, AR Faife MR B SR DL, TG I 1 R 5T 5 B A BT AA. XA
BT TaAlb A8 BEAE O T R R i B A B A4 LI TER A, @R RE A TIT 5T Hl & 13 A
HSf ] PO S AR B SR AR T ST B AN B 7, RERIE R SR LSRR SA S HR A 2, X
ST RS 5 & A TR & SR Otk H .

3R 12 ARG H T ONFERLIN BT, AL R AU A B/ N R AT T ST R R Y H
PREREUME. o9 13 LR HATIRAE, SRAIA 11 Ry R0 RS B R R 0 T B e 01T 60 A H b
B, ik 4 PR, |k 4 HEER LA H, RIBUOR SHE LR 45HE —2, B AW REIBUMYTH,
AL SRR I ER 5 SR ] R Y s 07 L S A T DR DA R AR SR R B A R R A/ ST (5),
R T RE B Z A S R YRS HAR R, TGOS, TR E SR AR I (50), REMWAKTTHE
RIS BURA . 3% 3 ARG nl LUR AL R e Rl BT, eI T 88 A 38— Pl e ] T R,
A PR R IR R RGP T T R R — 2 R A D T TG B ESIEA (Cu < O3, ),
SEHITIm/ N TRELBIES R EA (Cr < OF); ZRSARFHIT RARIBESEE S, B ARARTERNNZ]H
PO T B BRIEAR S A AT IR e, B DA 2 SR 2 T (B TAE PR R SRR e
BATASERAEE, FrLUETE T = 5 BT, (E i TR ™ B SR B T2 T 3 e R B0, B A s D0oR
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W T HSASAR B . 2 L, A A P R U S A SRR 5%, IR SR B UM AS SO B DA
JRETRM.

6.7
10 _. §
% 9.5 | S 6.
x =
= 94 =6
TS =
= 8.5 4. =
= = 6.1
= 84 =
=75 & 59k
= 7 b
= 570 -
g 654 .
6 sl CUBIBESO729 g 195 6569
T ((20,21)=5.6587
5.2_ A

| | | | | ) | | | )
1 : o 15 16 17 18 19 20 21 22 23 24 25
1417 2

T D 552 AN
B 13 REHENERET, Bt EAERE KA
* 3 TELENEAYET, KRMANITEREF1A MR EANR/IMEERE
T 15 16 17 18 19 20 21 22 23 24 25
[ 13 15 16 18 19 21 22 23 24 25 27

C(T,t;) 5.7731 5.7060 5.6788 5.6729 5.6569 5.6587 5.6661 5.6904 5.7574 5.8127 5.8756

® 4 ETEBGEEINSMRE
T 5 10 15 18 19 20 25 30 35 40 45 50
th 8 11 14 17 18 21 26 30 33 38 42 46
C(T,t;) 7.4666 6.5490 6.0121 5.7643 5.6212 5.6734 5.9062 6.5121 6.8526 7.2639 7.5268 7.9379

8r

———-p=04,T*=17

SR 4] P R SHTEE R A

15 16 17 18 19 20 21 22 23 24 25
AN A

B 14 BETARKHETF, KSR T A EAREE AR E

B 14 25 T H B T ROR R ERS, e bR sk e T~ BB ) P A B AR B T B e TR AR AL S
T AN BRI 3% d AN A LS T Py /NSO SR A W4 7 T ) B P4 T A

1) H TR RS BT p = 0.6 BRI BIRNS 2 T = 19, MBGEET p K 0.4, 0.8 1, Feff
HyREINSREE Ay 17, 20. HLAEHBER SO 1 p B98N, S AURRu A SR AT ey 4, X BN
HBGERET- p BAATERYEE IS RGHPIEB B/, (8 RGUR B B AR APIRES, BT A AT S (A 3
X ERGEEATROCN; 23 BT, Bl BOCH) RGBT 5y A e, s R nil R AR R4, Bl LA
pi.

2) HE 14 FE2RATLGH: BEE YRR THE N, B N R/ MNAESASREAL R, AR
BB INAGBHERTHRER Crrm(p) = 50p T HIBER T-H i P BOKARE 0. i B Ar s akis X
O 1) ARl ghie: ECGTI0) . AECUSI) g EOUSIY) . ABCUOIN yiah ABC(19,19) = BC(19,19)-
EC(17,16), AEL(19,19) = EL(19,19)—EL(17,16), AEC(20,20) = EC(20,20)—EC(19,19), AEL(20,20) =
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EL(20,20) — EL(19,19). BRAFRA S5 RE: WE AT RABHOGRERT T 50 24608, B8 NI i
/NS RASBSRBUS, (EX T HE IR S BRI EASERELZ SR IFA — G, |TiHEIFTR.
5 &t

1) FEF R B T B R A AE Tl Al AP R ECE s, T REAR s () LR AR A i SRl E A 5 RG0S
ZIEfIe R, BT HRALE G IRHEE RGUB L AR, KA T =Bl iR~ H ik
R, TR RGOSR IR . FEeriE. MBS, £ xR R G BAFPIRAES, SREX
ARI4EETE D).

2) 5B BHE AR R MRl R A R AL T8RS B TR T2 B4R BT R G B BUL I B
M. FEZBATERABMIEI T, LT e BRI SR A 528 A TIRE & R R AR, it e/ Mb BAL
AT PN A B AR X AR I R A S T 6 s AT Al 3B BRI R T AR ERERNSET, &7
TRTERT IR A I, XFFG bR, BORTESEER Y, &SR A BT/ T i T H b s R A e
SRS, FTABAERRITH. (B2, YR EEATCREA B RE SR A A & RE LA =i R ] 51 7
wie, XURLERTRE —

3) FF A EHR B, R[E WG X R AW AR R AR, TR RS GG . B Gk
P TR AT R & AR . FEIGEER b, AESLB SRR Rl o B F T M B USRI 64T T i 18 th 4510 B
E UG R 3G I, B AR R FE BARG I HL B B ] PY A B NI AR REAIG. SR 1T, X FREIBASE RS
BRI AR, R R ER TR, A SO e th 2 T W M BB P4 5 A (T T I R G SR B A
TN B B R B XA BRI & T T R TR e, DAl 38k £ i R AR AR
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