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Abstract: Companies in the electrical industry are constantly looking for ways to reduce costs while improving and
maintaining the reliability of equipment in the maintenance category. This paper studies a condition-based maintenance
model in parallel electricity distribution networks. A single control limit is determined for all components to minimize
the total expected cost during the planning horizon subject to the reliability constraint of the whole parallel system.
Considering the covariate values on the component’s deterioration, a proportional hazard model is adopted, and a closed-
form analytical solution is provided for the reliability of the tampered failure rate of the load-sharing system. It means
that the failure of one component will affect the failure rate of other components. In this research, if a component fails
between both inspection points, a minimal repair action must be performed, so we have two cost types for each
component: the cost of minimal repair and the cost of replacement. At each inspection point, the failure rate is measured
and compared with the optimal control limit decided in the previous step. If it exceeds the control limit, the system must
be replaced and the replacement cost is considered, but if it does not exceed the control limit, it will continue to work
until the next inspection point without performing any maintenance. Inspection points are performed based on the amount
of failure age-dependent and the value of covariate variables in time intervals. Modeling a multi-component system is
challenging due to the interdependence of the failure behavior among the components and determining the optimal control
limit for preventive replacement. Although different research works have been done in the literature on condition-based
maintenance models, there is a research gap in considering the failure dependency of components. Most of them have
considered independent failure between the components or the degree of failure dependency has precisely been specified.
It can cause inefficient analysis and incorrect assessment of the situation. The proposed nonlinear programming model
was evaluated in MATLAB software. This plan helps technicians control the reliability of the system and the operation
of the components at a higher level by considering the failure dependency between the components during the inspection
periods. Furthermore, they can be informed about failures earlier, before incurring the replacement costs. The results
show that the network reliability of the proposed model outperforms the basic model. In the end, a case study of an
electrical panel is examined to confirm the effectiveness of the approach.

KeyWOFdS: Condition-based maintenance, Parallel system, Reliability, Proportional hazard, Modeling

Date of sending the article: 2023/05/12
Acceptance date of the article: 2023/08/19

Name of responsible author: Dr. Shervin Asadzadeh
Corresponding author's address: Department of Industrial Engineering, North Tehran Branch, Islamic Azad University,
Tehran, Iran.

Iranian Electric Industry Journal Quality & Productivity Vol. 12/ No. 4/ Winter 2024


mailto:sh_asadzadeh@iau-tnb.ac.ir
https://ieijqp.ir/article-1-958-en.html

[ Downloaded from ieijgp.ir on 2026-06-10 ]

Iranian Electric Industry Journal Vol. 12 / No. 4/ Winter 2024
Quality & Productivity ISSN 2322-2344
FV-¥o e e EISSN 2717-1639

B ekl ly bl il (Lo Ol poni' 9 (6,04 50 Aoty Sl (i
gy s go
Sbatew! ‘VW oy Leils Fooljauml g b o6 5SS (sgmeiils ¢ ' Bl o ol Lo
Ol eyl 5 e eodsl o1 olZils  Jlos )l 5 oy cpolio cwdigee 09,5 -
s.nsarraf@iau-tnb.ac.ir
Ol eyl eeoodl ol olKzils ( Jlots o)l 5 9l cgolin cwdige 09,5 -V
sh_asadzadeh@iau-tnb.ac.ir
Ol s cowsb pall i axlgs  ciaio oKl (ulio  awiige caSiils -
y_samimi@kntu.ac.ir

Lo g 0gmg (e 53 45 Widund (b9 ) (Semim 3 (6l g Oyl dgilo 53 b &S 2§ 1 Ceriuo 53 039 0l OIS
Ol (13 30 SLraSl sla b g b gl J¥o (g foves I (Sl Gl 3 bass 3o (Ol e (ylaabl cobB
byl (ine (551040 9 mexd Joko (baly 52 Bl Bud b 0510 wuad Gudiznd (] .l ;050 (59 » labad b ol 5> 5l g
003 YU g Sl (arex Cua @ slizl plod (gl LSy [0S 0o g (awend) gloygo )l b shlse G &ie8 &S 5o 1)
S o polio pil yols yLiS (gl 0 cawlicio 0 ybolo Juw 31 .00 &l )l cawlicio o yb o Juw oS & o J5° oy Locobol ca bl
@ Zob ol cawl ool 0oLl i ¢baob ] Codsl dwlme g ouls (550w (13 E 55 b 5L STl o 3l g (pansld
el sWey9d Job 5 9 wisS J S 65V w50 1) Olakad 55,15 o (Lgeb! CodilB U oS (g0 S0 L ST
a9 Olahad (o I Mlas yuosi b JolS prond’ gboady 3 (ol Jooxio 31 sy g 00l alhao 5095 (Bl glail,>
Olid b el aid )5 1,8 bl 9590 o 1581 0 5 oS b (golduliony (b pd (5 a0l Joo 09 (g S el e
Wl oo B 3 s S5 sl 38 9 0,10 (6 yigg 3 o 4l Juo a4y o (GOl Jo a5l (yLged] bl 45 wad 20

a5 50 5138 (w990 B P ot (0590 Axdllie S o0l 7 ykao 9550 95 O yShos Sy T aw b Holiio 4 L 4o

Gl comnbice 6 yblio «yliabs! sl «(631g0 primumms bas] by o (6l 9 ymoxi 1 gl g0l

VPV XIVY : alio Jlul Gyl

VFY/0IYA: alio opdy g ,b
oolj0ml (g 150 GBI Lz ¢ Jshus (Sodiumsi ol

U‘)"‘ ‘u|).QJ cLSA)LM:‘ \)b—l alim.:‘e GJLA.AAJ U‘)‘ef’ ..\>|5 4&.}[.&,0 ‘SMJJ.A.Q,A 03; H JB:-AAAA 60M}: GJLAA.’

VET Lo YT olo o)led ¥ o lad poojlen Jlo olpl 3y Coio (555 0,00 9 CutsS oldgh — sole 4y i

37


mailto:sh_asadzadeh@iau-tnb.ac.ir
https://ieijqp.ir/article-1-958-en.html

[ Downloaded from ieijgp.ir on 2026-06-10 ]

B slaghl gl balyl p (Sie Sl pead 5 (6,00 50 i Sl (e

03 08 e ] Sty taly Sl ool L) s 95
&b ool a5 05 o iy i Sz Sy @ g3liiay Joe
23 el Gl b 5 O] (Fog8 Slien st piees ol S
Pedee Rl T eati gl Gkl e llyd &l
Oliee b5 085 0 o2l ool i e wiilsi o (pansets sl yeie
aipaS 35 Ban gl sl et pley S (o s olius 55
&5 ol oley o STog sl Glej il 4 anie (oSl s5be
S0 pS oo Do pigal gy HlE S wm onl il s ol
2 e $INSS Sloseal luaigy sln clite o) bl Jus
ool ot oolital o s alls Cupde oje> L, Ylal,d
Agms aases 5l eads asl)l Jowe ol 5 #,5 (Banjevic et al., 2001)
& (Smidt-Destombes et al., 2004) x> ,0 ;0 0S5 0 S5
oSy (Ko oyl slyl a8 sl sais a8 )5 Jlas o 1, N 51K g
s 53 255 N5 G K 0,18 5L oS IS st a5l (lps g 009
o0 dw o Jla adlas cpl jo ol adls Je8 BB o Slos
ol g yatd By ¢ Sy anlad (509290 Oliee 39000 (o2

P e o Tl 65l
CoblB obs,l sl sog, (Van der Weide et al., 2010) x> o ,o
oy 4 &5 (cwiige Slaptans 6N Siluan 5 QLo
P S I SRGIVt| B R W X N1 | BRSSP S SUOR] B F Y8 S¥)
a5 |y g Cawlew SO (Golmakani & Fattahipour, 2011)
a0 Sl oal Wlol Jow 4 o2 gwyib alie a5 Wo S
Jeolgs (s5lwaigs slp Joe (Golmakani & Moakedi, 2012)
Sely b Vsladlie sz e SO o (Ciliped 5 <o) o5k
3 e lraddie 51 G sla ol > aisls &l eadlse o ol >
wzge pp 2 Sl g g sl eadlhe Lo slaol S g S 5
GRIB ) e Glles slaan e Jy 0gdioo phem A3y
&5 IRl cxge et oS B3 odle S > a3 o
(Van  azpe 0 0pdee 3 s gloadlie nle 5
lapinas lp wa> Jae S5 Horenbeek & Pintelon, 2013)
ol 2l 1 s 30, a1 N 5K sl 5l eslinl b L STl
WS (o0 o SIS Gl (B @i Sl el (ol e oS
Oliee b STl lagine Gloebl coll Jolo 5 4525 1
Ol 00 09l Gl askad (led s 5 (5l b e b sl ol >
Joe 5l eolaal bossr S (lej ar atly jetie S5 55 calie
(Ghasemi et x> o ;o .ol 0o Lo TS canlizte 0, ble
Pl e 6)lMSS 5 Lagn ag Caslw S @l 2007)
Joe 5l i ol o aisls &l | conl palasl pinow <> oS Jbej
oot ooliiul T lgriul Camds ools Glis sl cewlite ol
B9l (6 S el w2 Sy ool 2 6K (s jleatgr ool
&0 50 el 00l J> gy (65,400 Lawgs JoSU Slaslie sl

doddio - )

9780555 ssba Slieasi 5 SIS g9o90 Cual 13 slaans )
oS sl iglg Ly Lacolad acgorms s ogS5 sl 05,8 gy 33l
Sladlae jo .08 oo Lads 595 ol iy 23 Sl jo 1) i 0 Sloe
S S a4 4295 b Slesd 5 6,05 a0l pliiee o>
DN e g S SIS (5359SS (593859, Lalil et
Sl (edge plaie 4 Dliad L RPN S 4 baglejls
b 3r @ip laaSed .l 035 5L 1) 093 sl Vb (25l shils 5
Syt galyz 3 0y9n S5 el o oyl sloo 3 oS el
SSles Wgdioe 00yed H9iS Sb> laplyd Gl (Sl
Ol e 1y relan 5 13 3 e Ll LoaSd (ol salsibye
plsl ols> 58y ) iy 9 bows Gmin b 2 & ool
Celled ST I3l Sy ogg el (oS 65 qss A 09 o)
bl 4z 0 o VL L) (SO Sl (655l Wlgt (Gl 14 g 0 o
Oltie S )o eaiS @9 sl golaidl sgw (i 5 leb]
ol oleas olbls |l 5 ledbl 6,5ld mol> =,k 4 ax gl .ans I3
il Jelie g alio ples g anale Ll plas a5 cqzr oy s
Gokae G il aselr ST 5yl ) ()b 5l g S5 se Jalis
bplejle 4S5 gl golaidl slag > a5 Gbyiie 4 yoies
OYA woljonl) conl o 5 goby ol 3l canl atusly ol
slacalld 5l (S (55 plee 4 Slpesd g )l wl
Olebl Sl (Ll Bl 50 a8 99500 Jlad 4 gyl Al el
1 glod oo gl Ty <S50 Sl o a5 IS 5 b bl oLl
B2 @38 SBES 1 0,55 i anl 00 20 o3 o5 jshailen
Slres 9 5,05 Slaslinl (b Fosjlin 5 oab 55 ln
slawi s o ol ge 55 (Sl 5 qiy sleased
Ol a0 B @ pilolia sads 4ds 655 5 b sdsels
Oliebl bl doaiso (gilwaieS b a5 05d zilae (Jow il
o S bl cnl 5o a8 65005 (98 JB a3 55 ) et
4 al sl Al sjlge a5 Slpesd 5 6 NS 1y e
Lol oaly 418 553 50 0080 55y 2 e szl Sloal > 556
szl woolerin Joo 555 2 E9og0 2l 55U ool ol
el 5 32 g Toad (6 Ss cnSS 255 e 5 s
Slighos a8 oo gy b SRS et 50 Gl coll
oo plnil (6l 9 Sl e )3 (gilaingy Plows o iz o5
TP (Khly 990 (9L 0dd (o) p Dliion 15150 (Jg ol
a0 el oais ad 3 las o sliel el g badie ol
390 |y (S5 SS i G T i ga5 alzens (Jardine et al., 1999)
by Pewlize o,blie o 5l ooliiwl b o] wisls 1,3 asllas

VET Lo YT olo o)led ¥ o lad poojlen Jlo olpl 3y Coio (555 0,00 9 CutsS oldgh — sole 4y i

38


https://ieijqp.ir/article-1-958-en.html

[ Downloaded from ieijgp.ir on 2026-06-10 ]

Wt ).M:Lv ‘eol)'ml quj.m ‘d‘]w }.oLv L.o

(Arabzadeh & s>, ;0 Wis)S (siludoe g ol lawg
Slyp aldbews,s u;)‘.\.erfj g et Joe S Pham, 2022)
Sz A ol e a5 wels sleia )b SRS N STK slapius
S5 b s ol Slone (o 5 @Sy 5 (Dol (5l
el o a3 5 L s el b S Cos ol me by ol

SN 3550 )0 laiaghy ASTal (ly Slasl js5e )0 a5 jsbilen
Sl gyl canlite oyblie 3,535, 51 eolitl b Lulpd  ifee
(S (3TR (S (oo LS 850 50 5 S Si2 SO
Slihos M IS @ oolel Glapns 5T 55150 t(55l5a s
Gz sosysls 51 VL Sladllae (alis qusy obol 2 005 252
3 9 Ghlae 0 S JLELe b (giluaige Jow SO @l 4 oles oo
s 5 00 (5580 LSl Z 5SS 4 5l ot 8,5 1A
D le o0t @l Jae 0 a5 5,5 o)lil Ll 5 e (6 laeS

ool o0 iy a5 8 sl ey il Lz

e ¥ i s el oid aaileils & 90 oy allie L
LS')LQ."“‘""'. W JAA 9 uws) Y 7“"’"’ > B ol 00 C).}a.a uLaj)_fu 9 Al

29935 0 S 59,90 adlllae ¥ sy o il ond (Byma
el oy 00l s les slaodls 5 (g S Azt (b

Al oyl =Y
2 Silye Gz b adlie 9 5l JSake 30 obU Sy canlllae o
5 5 0 S oy g 3 ol o 45 Cel oah a8 S L
9 Ngdso (s y3b S b &y g i Sl slaojl )0 Laaidlge
D8 aaline 350 canlite 0,bls 25 dslne Cyz bl Ll
» S A8 Sl ealin o 0 i e Ll 05T o
B Gl o bl aLlls s J5 (lebl CollB 5y (130550
Sgdon i llpd (e ()l 5 et (Silainge Joe S
il B Sh sl 5, 5 eesd Sleladl slaanse o o o8
I liebl CollB Codgame 4 azgi L Ban 2 Glgte 4 une
szl asgomme 9 1 L o it ) degoime iy o0 JEloo 4 i
o3k Job 4 5 symelin GIT weboe ools Las ] b el
Ioleo 5 gyl bl dcgaze K ol ool 48,5l o o)l
o 5 0ab et J S > 51 il Al e o el K=[T]1
Ol il sz sl oyl (e 3l yeS sz 0 gl esalin
@ gon 0ualin b pltas &g (ol 208 50 093 230l Wb 5>
@l Doge o eanlin b (o3l 59 e s WS e LIS IS e
Sy aie £ 50 cpulplo 0gd plonl Alolddl Wb jrexs J8los caxlad
RS A g eesd il anie ol el Bl s e
s 1 assezen; o | ailie e Bl anie Omry
2 sl ples Sl T acgormar; 5o | adlse gl ansaCrp,

Bl el anze SO C, il 030l 0)90 ol )0 plean

B0ls dawgs az LSy Silediw Jow (Asadzadeh et al., 2014)
Slal> o aiz slaanT s o 1) livebl Solils slassls ge yobo s a5
sanlice g oud samlice sla e 30U o T3 ol jo .08 o b

Dy aive o0S
Ol slob g adsl slaJoe 5l b STeal bzl s sla Joe 4o
o,Lul (Zhang etal., 2014; Zhang et al., 2015) x>0 4 o)l55 o
58,5 0ol 3 LU sloan 3o wos oo lid Gaass ol 29,5 0,8
BB sk a Loyl mly 4> )5 g olass 4y 4z g5 L eaalge iy
« (Yahyatabar & Najafi, 2018) sz, ;o .0l o (il 4z s5
e &5 W0 Ly d (e Ol e 9 (6 )ISS Jae (o) 2
oBows Cumdg izt ool Cawsd & Sledbl wlwl 5 o 5o 605
S ErTalr IS Cabw (nl Bua e SpS e Djge
ole e Jld, Slis oS Condg ol Cledbl o sanlel 35>
5 SIS anpe 38 12l 5 (2l cwlie ok 4 ST Galple
s.a...l.:l.@ UT 6‘)‘?‘ L: 9 ..\;La‘sa uu.mlf =gy J;Le u|)...a L ulj...o.au
5 G Slosis) o 6l b awalie 53 505 e il
(Keizer et al.,, a=le ;o ab dalgd 5t ail Ky Ol yons
o B maw 4 s S w5 Wiy, 2018; Keizer et al., 2017)
aLsldS ST1sl 4 adlge diz o pieeew L S & Najafi, 2018)
u)wmwé)ﬂAcWSWSw))bsw‘oM
W Yw M}u W g ‘39“’5" (:L?u‘ 6‘0)50 L: d.uulj.ad
s Jolsh ol Wlgigo o ol o Jolsh 5 i sl
GrSolul casis glo puie polie 5 oyl il (LS b all
LDG‘P QO Jay).a SleM! 6‘0)50 u.o;..w B FLW c@‘j JJ}...JLSQ
a5 b aalg> ools Caws 3l gwyib Jalsd o slagle; o
Lolls e 5,l0eS cwlew S (Zhang et al., 2020)
oy (gt piie 918 4 o2 g e 4 o0 a5 ol oty
odd il oe sl o,blie Jow lawsi 58 ol by wcl
e Jed 5l 6 )l calizee Slaladl Jolss (golpainn siwlas ool
5 (Bl jond Al Sty (gas (a8l (65K (5)INK 5 pesS
abip b dgaome (syaalip 3 Sy )0 Sliesd 5 6)IS Smaix
S psie slyls 4 cnl ouds (g5lw Jow lal> penis  Bolas g5,
Lyls p e )l g et Gl G (Wang et al., 2022)
Gub NSRSl Gl Sz wir glagiaes lp 1) vz
6‘0)3b L.SLQL_';"“))L‘ S ‘50L4_»3| 9 ‘;QL@J 61.‘3‘_;».“4‘5 ;,\.S).s

VET Lo YT olo o)led ¥ o lad poojlen Jlo olpl 3y Coio (555 0,00 9 CutsS oldgh — sole 4y i

39


https://ieijqp.ir/article-1-958-en.html

[ Downloaded from ieijgp.ir on 2026-06-10 ]

B slaghl gl balyl p (Sie Sl pead 5 (6,00 50 i Sl (e

5 dalal o

oy e 4 oo )| Joe cgolpiiny (s, Caond

IRRAREPESPIN

SOl 9, -7

3 ond ghlas dlts (o g Slogihe Sl pSone b A5 cnl 5o
(Slge s SG 4o 058 g0 Al goliiny (oL, Joe S8 i
S50 Al a4y ailhe o L Gliee 28l e S5l alle Sy o5 o
> 5 Jae a5 (Rykov et al., 2022) a0 ;0 050 0 Jiiie
@ 3o 5l Sleidin [l e s s 1 00 (51
Szl Gl 5o 00l o) Sws (3 5 L ojlgs Wb IS oo askad
ol Bl 52 8 G (S3bme oo 42 b 1251098 a5 aile 3L
T5 90950 el Sglune job 4y L B (nl )5 99 o0 o
il IS slaws LIS S w51 ol Sglicin 552 2 6l o>
Szl oy )k Olzee satmoplas Zl sl oslidl 5 5l 252 j 5 N
Slows n;) Sl ZZJ:ZZIO Jolro (352 50 i S5 0 9 0ailendly
s ot 2 ZG=01) b o (Cel T s 12! IS
e o3 3 33 4 Olee (e 525 s 153 55 e [T ]
&S e

el 00 Gl (F) 5 (1) oY) o o sl o 8

L

Zl() = ; ™
- L

2= ™

24=(j=0,2,...,n-k) )

) s 535k Gliee b (BLS ) e S Al S &5 A0 ()

s 5 Jb e el Nl s g5 4@
Joe s o a8 conl I8 o )5 adlio Nj )3 &5 oo Las (D)
Sl 0l oals Las (B)

X(t)=/1j(t)=(5(zlj)./10 O <ty )
ERV IO I ‘le b e 50 0l 5 ) Sws ele 3 25 0;(0)
ol 00 Ao (F) Jgn,8 0 a5 conl b Lo 10 K0 25> (59, 2
OO el) F=(2) )
Sdsl el 5 0p(t) sl o LS 5 aj(t) > 50 e ol ]
& 0, (1) sl 00 ools OLas (V) Jao,d 0 a5 jebylen o conslss
] S el 5

a;()=(n-)-4(D)=(n-)). o(zl) )
al calite o)l 535 &l fig(1) 5 nliie 0ybols & 55 &l A(F)
ol T ey 0 &S ol o iy 5

h()=h(t)=0;.ho(t) Tu<t<t iy 5]
=31 o0 @

Dylge ad)S LS )0 0)90 p 40 heels anje el 4y (Soldl
o 4,5 a5 53 i (sl by JS a5 s 3
Vb sline 4 £9090 (nl 45 3500 oligS Slagle) )3 (gl 4 ynie
A dzilin el g 091 pa e g Glicebl ColllB il oS5
ol Clladl 4 e el aid S L o slil ol YU S
wiboe GRS e Ao Lilie 5 098 00 5 5 Y5k slaple; 5
ol prels cul Ses 5 et Oliebl collB a5 Jb> o
9 98l oo )1 5l e B j5b G i &5 Senline s g9040
olpiiny Jow Gun cpl by b oo Gl rexs JBlas slaas 3o
Ll 5 (s2iee (50455 sl ol i (e 45 5 slan
Sy b plaabl CoblB ol g ey o falS 4 azg
b Soyelly caline o)blbe Juo SG g 99800 (s lwdinge pimns
5 ol Sl lsie a) cnSs £ iz gyl b 4 axys
G Jomg @iy 5l (CaSls F5 als 5 coll el F5 canss
Condy orized 9 35800 o0liinl Sl ol)S lej Jae plye
i Acgonoy ) ).)j MJ§A e Tijk W .\.&:‘9} 6]56)|»A.\| [ U)Ua.)
abais j3 1 degazey; ) ] ailge yae Thjic 5 pK o3k adsl alaii 5o
&l 1o gb e ool las Z(KA)ES cdle b cmusiJsn,d o
FLI ULM.AJo‘ pis )AA‘)LJ L: W M.»aj OMQQLMJ lek(t)
A3l S dcgazme slacl 51 (SO ailg o o] Hlade K s y3l 0,90 40
sokiie 4 00l au5e8 oailendl gliz! o WL L L IS e caskad
£ Gl 1 aabre 5 g Sliab] Sl il 5 4352
6 S F 5 Jow loilendl s 52 (69, b STadl cuss
o 5l 5L A Sloj Sl QLS Jow () 10 098 oo ool ouls
S S 5 S o agn I YL e & Sl

(Pozsgai et al., 2003) o salys
Jsb ;0 &5 cusl (355 )le laShy s paris pite anlp
Joms @ss slayuelly B 9 7 -l slacandg 45 5l @ 4 Lo
~ (50 Cemd &y s (sl ol 3 azs 51T letin s iSTas s,
ouds 00,51 (V) Jgosd )0 ] asgezmon; po 1 alie o> 25 (il

Faw
By Byl
hyt0)=2 o) exp{y, 20}
g v ?
1=0,A24,... A>0 M

VET Lo YT olo o)led ¥ o lad poojlen Jlo olpl 3y Coio (555 0,00 9 CutsS oldgh — sole 4y i

40


https://ieijqp.ir/article-1-958-en.html

[ Downloaded from ieijgp.ir on 2026-06-10 ]

Wt ).M:Lv ‘eol)'ml quj.m ‘d‘]w }.oLv L.o

0 if (hi(t%nZin )-d) <0
{ if ( ./( ijk /k) d) 0%

U if (i (5o Zi)-)=0
69959 Fabl Olye 4 oS C”PU- bl ol g JL e ause
.094 A.(b|5,’> Al

Woleo ;o laaskad (ayged pas b g agsd (pgpad ;9 xS el
b adie ail S Jobeo Iy joiie Sl o o0ls 5Las (10)
=)k 030 S il @ adle jos Djso (nl 58 0 005 Augel
lal 5o i o (VA) 5 (VY) (V7)) SV olrs 4o a5 by oo il8
T =1 j(1-Ir, ij'k(h[j(f o Zypnzly)-d))

v ke(2,... .k}, Z;€{1.2,...,5} )
kAT Ty

v ke{2,....k}, Z;€{1.2,....5} %)
r,-jk=0 A\Y)
Tjk U0 O

sl Sy 5 o 555l ugad i

Ir€{0,1} V i€l, jen;, keK (QRY)

aie Sy Nigd (2l 0)90 o )0 e ) 2 sl ples ST
w85 5l 50 0)93 o 50 (gl aie el 4 (SOl el
WS (oo At |y (gl ane (V0) Jga )8 09h o

ykzl'l—lfz{(l'njr‘illrijk) (Y‘)

i szl Sl e S5 92 0355 Ty B o o
Jolsd colad o i IS laebl bl asiyl @ ax g5 b ol
IS Camdg WSS el gload ool v SOl g5 ,aeb 38
dcgeme gac &5 550 Solas axe 1 (Lawless, 2011)
(Y\) JSA).S L) uLu..o..‘o‘ WLLS Cono B | S={0,1 ..... M}

1395 0 drmilone
R(tlx)=[Ro ()]0 (V)

5 (YY) o oo SaS 4 Wlgh oo i o3 5o linebl cobl8

9% damle (YY)
n4j exp(y;x
Ri(f):[zj:]flz‘lj. exp(-ajt)] (s ):
n-j . X ,"Zi' (t)
[Z;:];rlAj,eXp(—(n_]_ArI)SJ_IHO(t))]e p{)’j ijk }
vie{l,...,1}, Zefl,...S} o

Sl b ailie o S £ a5 551 @) Jpap 0 o jsbiles
L el Jolas g 558 o0 00ld

ho()=Ay()=
ﬂl.. ﬁ,‘"l
2Ly’ )

iy i

il g5 a5
Sl Sl (See s 453,18 3529 (Slo abold (o3l 90
E5 2 et £ (nl el (LBlao e Ll pd o Cenlns 098
e 9 WSS oo p 2 5l S S 4 WSS ) e 2>
s 2P 550 SO0t @ &Bly 4o S I 4 gg,8 Wl oo
009l S & Sz gy 0l )l ad BT e g5 al 5l oy
St Lasgiie Canlige 652,800 2 B8l (b 5 (5l 4 3o ggas
abaii ok o Jlie (gl 0 55T Caws a1y g3k alols jo o ol
il Sl ply s (ol Ol agie (o3l

Hy(D)= J; 2(0).dx =

.. /”,‘"l /3,"
[l Ly -dx=(,i) ’ v

My Mij

ij
OB A 50 b s yae & 2255 b oyble ol M (70,7 )
)L: I"""“‘“ o Lg)ls.‘;.w.) C)" e g Slalad uu))J e_eotm ).._a...o

(8, Z (i), 2L)=ho(1). exp(Zyu(0)) . o(zL,)

Hy (it ) = fr:;]k hy(.2(z).21;).dt=

vy By (£ \PIT

Tijk Mij \Nij

- \B; By

Tk Y _(Tk) Y . =
(( i ) (’7;‘;) ) %P {yljlek(t)} 5(211)

Tk p
g

e (6399 D)0 & (Al e Jb o aise Sl 4y L
a3p bawgle (oIS laad )3 Cimry 0 po b s oo 435 L5
Dl s 4 LBlos (5,l0gSS

i (20 g2 Aoy 3 —V-Y
Giyys (VF) Jymp s 5o o T Sl b Slabsd (s it
celize 0, bole # 5 b oals peeed S ao duglin Juols el ol
ol g 09 walgm SO sae Jolre wilb yao I 55,5 51 aS cl
aS o waler yao Jolre Oygo pl pf 0 g Cewl LArgxd cdime

Sl 5 aelol oaims oyl

Iy Chyy (¢ Zi ) -d) =

VET Lo YT olo o)led ¥ o lad poojlen Jlo olpl 3y Coio (555 0,00 9 CutsS oldgh — sole 4y i

41


https://ieijqp.ir/article-1-958-en.html

[ Downloaded from ieijgp.ir on 2026-06-10 ]

B slaghl gl balyl p (Sie Sl pead 5 (6,00 50 i Sl (e

Joy Jbe & ewd g, sl gie
ol S5 oy 90 SaS @ g wals> 97 =0 =(Zi1gen), Ziaken)
Ol Kol ,0 (6 S puanai 9 B 4Bl GiS ade (Sl &b ol oo
35 im0 G5 (g 1371 1 o5, o

595 B e b beolas, Jlesl s Jsl e pile acslxe ogos
(YA Woles ;5 K0S, 5 gl b 5 leadlse o o5 (Sl
Jaio] oy Lol bl il S Uil ez a8 el ot ol
2 5 dilie 5 Al (] 093 Cumdg il Cow Sy adlge JUil
93 Candy ydl o 90 adlge JUl Jlisl ) (LS (o3l 090
Sl yeiie 3l aloles (al jo (LB (g3l 0)50 55 R0 adlie 5 adlge o]
sl o 0 o0litasd JUE! Lozl g e droline g oSS
amd o s ) LSS (sl peie s Laily, (FF) b (YR) (ol

Pl o)™

- Pz 2 y(-o-e)

1) Zink| Zogen)
P(Zil(k-l)’ ZiiZogn)®
P (Ziagery ZinilZizgeny)© )

(P(Ziz(k‘l)’zi2k|zil(k.l))(1_w'w)

o /(Ziz(k-l)rZi2k|Zi1(k-1))w

+P"(Ziz(k-1)’Zi2k|Zi1(k—l))w n
o+ o<l (Y9)
oto=0 VZj €{s =0} ¥
w=1 VZj €{s=1} V)
w=1 VZj €{s =2} (rY)
w,0’€ {0,1} (YY)

Sas b -F-Y

oz Ban wlb (B it 50 ead ply sladugace 4 az g L
Bl ot (gl it a az g5 b g slaan e (g5le JBloe
9 ik ahal 90 G dalad jo ol )3 L] 090 Slass 4 a5 L
pae slad ogzy Judo 4 uized 09h o0 Olo (ShgelS sladnje
aladi (2 15 S oo ol pw )0 paseld b e a5 Sliebl
S el (S (o3 alali ;5 Dbl Conds sl Wl ok
g
Min
Hip (0.7 )

Z Z (le
+ Caouny
+C’"P Irljk (h (T ijko l/k ZI) d))) : !

(le I/HA/Z(TI[Z T 1/2)

Fgory | 2 2o 4 (O 2 ) ¢

Cdon rLyz
(le UI{[]/{(TIJA T t]k)

¢K|¢ IZ Z +Crp, [r,/k (hu(r o ZLijko zl) d)))

Cdowny k

(n- j’+1)f)j/"_| _ n-j+1 %
A H/ 1 (n] +l) i1- (n—j+l)4(5j_1 ijzjl 005
v n—z, ie{l,....1}, Z€{1,....5} (YY)

—aakd Condg uSloe (15 a0 50 b s 5 0 liebol 2oL

D5 oo dlos (YF) Jgo,8 oS b g ol 33 QT sl

vifZij )UZ’/)

R()=[Ro ()] 7 ()

S o dlixa 1) (65150 pins Glimebol CollE (YO) Jge,8

i=I (Z Yy ,,k)
R(kA,$,,4)= nRUk(kA Zyd) -

E viZijk
i=1 [nij+l1 exp T
(S eotan) -
=1 \ =1
En’.yv.Z'-
j i~k
n-j+1 exp T)

Z A;. exp (—(n-j+1)(5j_1H0(t))
i=1

v ke{l,....N}, Z;;€{1,2,....5} (Y0)

S o S I L~)L:,¢.o.!ol Cobld v o jlxe J8las (YF) Covgaze
R(kA4,¢,.4)>R,
v ke{l,....N}, Z;€{1.2,....5} ¥%)

Jus! Jlos! o o —0-Y

B oo o5y 5y sold (gl picte oS by JUil Jlozo! e 5o
39w o L | pianm s oles )3 ] adlhe (5) p S0 (sailse

N
Il

ZijkE{S: 1} w

>

N
Il

0, =0
1, w=0 ¥Y)
0, =1

~
Il

ools i P g P7 P Jlois! (slo s jlo dslone 050 anlsl (o
2 adlge (MM} b o Jlis! Jsl o jle dw ya .0 saly>
s 3,Shos Luls 08 Sl g K il alaki )5 d asgazan
|, adlse plo 4 o3 &5 JUl e P bl e le o8 ol
SIS T a1 50 K00 sailie Comg a5 Sloj 5 wad oo ol
slo a ols g5 JEl liee P/ Ul ey ile .ol 520 s
Ghlo T o5 50 500 gadlhe Cumdg o5 1, Gloj o ledilse
Solke 55 P7 UGS e pile 5 0,105 o Gioled 4wl =1 jlaie
Coxdy a5 Gloy ,o wul boadlye plo & o3 25 Jal ol

2ok ST2 jlade gl T iy 50 500 (gadlhe
Mop Jolbe e leyae S by 4
solie 7 Grizen 5 ol ¢k:(zllk|ZIZ(K-l))’(lek|le(K—l))

VET Lo YT olo o)led ¥ o lad poojlen Jlo olpl 3y Coio (555 0,00 9 CutsS oldgh — sole 4y i

42


https://ieijqp.ir/article-1-958-en.html

[ Downloaded from ieijgp.ir on 2026-06-10 ]

Wt ).M:Lv ‘eol)'ml quj.m ‘d‘]w }.oLv L.o

5 15
00 )=(21) =)

:Je ol
o =O=)).0;=8xn-)7

y = Hy(f) = 0.032

o; =5.6569; a, =8

Cebls =0 cdl> yo Slakad adgl Cuxdyg g a; polic 4 4>y b
L el pl (YY) dolee SoS a4y s lals!

R,(0.032) = 0.9804 — R(t =100) = 0.9804

038> (pl maastie Jsd 0590 cdeliuws 4 licebl ClllE lade

o

Sl Al 4y bgy o SYolae mlis g o ol )5 #535 (F) Jgom 0

i 5 sl e 131 65 S | il
Obaebl Sl L b o sla 00ld (29,5 (V) Jguxr

Oladad

A

A

&z
\ broFA AAa! Y.AOFAVIVOY
Y Ao -Y.5 -V AVER4YSYS

R < AATYALYNA

JONPRVTN
s JS 400 58 9 ey J 505 92 ludo (F) Jgu
Slalad Sas al jlade D R

\-Y YIY.VYY < YVFF < AA-¥

oS Sl P VVFF e Joleo dige S 0o a5 s e olis gl
59 slade cnl 5l (oSl gla e ol 25 (ol B s ST
s aalss o slaasyjo g adlge (dygas 4y pladl Jaoxls el S
al Joe (295 b ol (255 ool Joe 2l oy e
Plg b paeds oS Sy S cConl 0ald anglas () Joux o
4)[.) JJ.A)Q w‘ 0ALS w)f).lm)o)i,..&) LgEJJJUL’JQB u.‘:‘)?u
&l g 09 se oaliinl P il Jlazst s 5le L5 5 (V) Jge 2 5
S JEe 5 5l3e 0,80 b lapinns Glaebl Collb acul

Ll 00l solazal (YO) Jyo)S
R(kA, ¢, A)=1-T1I=5 (1-Ryy (kA Zyp. ) ) (¥0)

Ol Bl Al cdl 4 cand lsebl lllB a5 wao o lis bass
el 48l malS 0 pts S o o e g 00,5 oy

Jiho S 53 s JS 434 38 9 Ay J 555 0> lkio 1(8) Jgaer

b ol (8 )5 5H5 50 (e g il
bl | Gus b ke D R

VY Yofay <AYYS < A0YPY

¥t
ol (S Sl el gl Jlo S QB o golpaing Jaw dalol o
b el Jo 5

§2 30 anlllno -¥
5 Ol proni s Ly 5 dedie j0 0ad zilae e 4 axgi L
S e o Cel I8 )05 52 93k Coenl I G o 10 (5 IS
b skl S St S oy sty Joo slessly
(V) JS8 55 (o3l 039 99 (b (S5lse O )50 4 (S Sl sl e
RO PRPUER SN

s
B &P S Gz 1(1) S5

Candy «£g, akaii o (Makis & Jardine, 1992) x> o ilas
polie day dl> 0 40 i Candg &S L (pl p g Sl Joo piiio
Jolaloyo a3 3959 51 3 coutls aaalys casuin Jlatxll Jolite
Al ez laol b wly S o
JUsl g Jlozo] e il b Coond 3 00 = lae S¥olee S5 L
Dslite slolondg 8,5 i 4o b (oS Sl sla s Gilie DYl
oyblie it el oad dsle (V) Jgax lhae lagl )
Sl 00l 48,5 a3 o b dw 50 5 cawlie

Juisl Jlosot (s 5l :(1) Jgor
Slalad S P P P"
VoY S CR A A C S A S C I A
o |[F S [ |
. . \ . . \ . . \

30 (699,5 osls plw g (V) Jeaz jo olas, Jlusl 4 axgi b
s a3 5 b ol 25 e Glaebl CobB (V) Jsoxr

D90 demline
(el g (g (Ll slaanza Jold (6099 slaosls Jgue

Lol (owyibioy90 9 Jgmg @259 syl sl

$2959 s 318 :(Y) Jgur

olbki | Cmr | Crp | Cdown B n y T S
\ Y 0 ) Vo Voo - Voo
Y Y V0 ) V.0 Voo .Y Voo
:J..\.o

K=1,N=2;L=4; T=10;S=0
:c\il%J.\A

; Ro(1) = exp(—H,(®)
W (5)15.'2...;..\ C)" JAA

Hy(H)= G)ﬂ

VET Lo YT olo o)led ¥ o lad poojlen Jlo olpl 3y Coio (555 0,00 9 CutsS oldgh — sole 4y i

43


https://ieijqp.ir/article-1-958-en.html

[ Downloaded from ieijgp.ir on 2026-06-10 ]

G skl lp k)l e Slyead 5 (5,l0655 50 i Canlow (s

sloanse o el o] 5l S @l i s > 5 i I3l 5
25k 4 5 i il SRl 5 B alS s 5l 20
o.oUS Sl Sl Gudos ol plply .ol ioli8l eoes LB
S5 O] oo ylss g cal 05,5 wal )3 1) s licedsl ol
9 B 259 Slepim— Gliabl oLl il 4 SLL
Al cils salss 5, laols e 50 dBse 4 (6 S e
Slept— iz il 42 g e ST Slalllae ol
el aisle )50 la,bslow 6l b g 65lgem gy joda Joduamy
L) i syl g5 so uizman 28,8 a5 00w IS 4 osle]
oo ,Ses) S5 b alaae g 285 k5o Vigalamdl (Sl
ooy 2 st IS 5 bl b (e (6, bl o3
o 5L 5 s golaiil corlis o e jo 50,5 >lyb

b5 o |, o] calise

&=y

Arabzadeh Jamali, M., & Pham, H. (2022). Opportunistic
maintenance model for load sharing k-out-of-n systems with
perfect PM and minimal repairs. Quality Engineering, 34(2),
205-214.

Asadzadeh, S., Aghaie, A., Shahriari, H., & Niaki, S. T. A.
(2014). The application of proportional hazards and frailty
models to multistage processes surveillance. The International
Journal of Advanced Manufacturing Technology, 74, 461-470.

Banjevic, D., Jardine, A. K. S., Makis, V., & Ennis, M. (2001).
A control-limit policy and software for condition-based
maintenance optimization. INFOR: Information Systems and
Operational Research, 39(1), 32-50.

Ghasemi, A., Yacout, S., & Ouali, M. S. (2007). Optimal
condition-based maintenance with imperfect information and the
proportional hazards model. International journal of production
research, 45(4), 989-1012.

Golmakani, H. R., & Fattahipour, F. (2011). Age-based
inspection scheme for condition-based maintenance. Journal of
Quality in Maintenance Engineering, 17(1), 93-110.

Golmakani, H. R., & Moakedi, H. (2012). Optimal non-periodic
inspection scheme for a multi-component repairable system
using Asx search algorithm. Computers & Industrial
Engineering, 63(4), 1038-1047.

Jardine, A. K. S., Joseph, T., & Banjevic, D. (1999). Optimizing
condition-based maintenance decisions for equipment subject to
vibration monitoring. Journal of Quality in Maintenance
Engineering, 5(3), 192-202.

Keizer, M. C. O., Teunter, R. H., Veldman, J., & Babai, M. Z.
(2018). Condition-based maintenance for systems with economic

dependence and load sharing. International Journal of
Production Economics, 195, 319-327.

Keizer, M. C. O., Teunter, R. H., & Veldman, J. (2017). Joint
condition-based maintenance and inventory optimization for
systems with multiple components. European Journal of
Operational Research, 257(1), 209-222.

Lawless, J. F. (2011). Statistical models and methods for lifetime
data. John Wiley & Sons.

Makis, V., & Jardine, A. K. (1992). Optimal replacement in the
proportional hazards model. INFOR: Information Systems and

S o by Jaw jo casload ools Las (B) Jgaz ,o oS jghiles
oS olprinn Jaw JyS oz 5l g Cewl < ATYYE Jaie Jolee dige
PRI PRI S PUE BT Y JEpNW A I I KOS S P
38 e Olisebl bl g dales eS Slala (aygai b gz se
Sl S golpiin Jow 5l s 0 ¥ sgas g auo,0 10 lade Jolss
ol a8l malS s s Feo Jolee Ibgas 0 gt JS sloas 3o
Loy el IS oolpiinn Jow a5 wimo oo plis b o295 cplply

el 0l (g5l o 5 (b (6 YL liebl el

PR LC IR

ST g o —bgels 5l 655l jolate 42 32 i85 SlacS -5 5o
Soeal sl bl 5 (e () (S8 e g (S8 DU I Sl
laorkad g o cbgels JYs o fodes 51 (So ol Jlo)05 5 s0b;
9y p Slabkd slaolys U g Slias oS Gp cleas—o
S slr llid p (e IS 5 e 2ol Sl S0,
Flite (Snly 1 Col 525300 Gl (Si2raiz (Sl g
sladae pladd g oaii S0 JolS b @ i sl o 55
02 Vgoss 39750 sl i 3l 925 0395 ol ) (Sud
Sl i S0 sl Caise pas g )P AT WS e
TS 3 w0l gl 4 yoie Wlgh oo el cpl &S sl Jaas
S50 Sl Gl St 9 Silbedie pekie (ul a4 09t
2 e SIS Pl 4 GBS (nl o g Cel a8 Sl S g
oud aizloyy i by (Siuan 6o (glse glaptan o Ll
59 999me Sl 950 5 Lot ol (G Sz s 4o
9z g0 Sy izl Jolss g wadlie (role (o] )5 (Soly ais;
Joe 5l e (e as Csl Sgame 5 gl el g ani 6l
5 maseis s paie polae U ols lid (gly cewliis o lolxs
il dsls gz 00 (6,520 oS 55 b b STl Jos )
Sasd S 5 S b sl o0 0] s il
s liebol bl o VL (6l <zl e (25 50 ous
Slp dte J5S 9> S ol Joe 5l g Sl a2t Ll
Slaladl dige JyuS o b ol acaolie 1 as 0yl oo o 4 lnailge
2 b Gle 8 slaide jo a5 jsblen ol e plowil ail 5 iy
4 e ashd ol 01 vy b STsl gl o oS plapias
(JS 9z 5l 5l Dy 0 g ge Slalad ple SV CwSS &y
B 4 s Bl g1l i STL wigd (Angas b 12l ples
o Sl sl plas ST gloj o3l Jobo jo ols dales aslsl 595
s ol Cape s sile oz @lizl bl Lol ass
Fge b ar boosls (18,5 1,8 o ws jo b oS cl inl (55,400
aby g Slacs S el 3l 5 35800 31T Ligy (SUS 5 ooncs
Slp e aaleS 6T sl (6)leSS 5 jead sl ghal o 2l
SeS by 0t ()l (6990 aslllas olei—ing Joe 3, 8les L)

VEV Ole; YT ol o,lads ¥ oojlads oojlso Jlo ol 3y Caio (59 0500 5 SokeS (cigly = sale 4,

44


https://ieijqp.ir/article-1-958-en.html

[ Downloaded from ieijgp.ir on 2026-06-10 ]

Proportional Hazards Model: A multi-stage stochastic
programming approach. Computers & Industrial
Engineering, 126, 30-46.

Zhang, N., Fouladirad, M., Barros, A., & Zhang, J. (2020).
Condition-based maintenance for a K-out-of-N deteriorating
system under periodic inspection ~ with  failure
dependence. European Journal of Operational
Research, 287(1), 159-167.

Zhang, N., & Si, W. (2020). Deep reinforcement learning for
condition-based maintenance planning of multi-component
systems under dependent competing risks. Reliability
Engineering & System Safety, 203, 107094.

Zhang, Z., Wu, S., Lee, S., & Ni, J. (2014). Modified iterative
aggregation procedure for maintenance optimisation of multi-
component systems with failure interaction. International
Journal of Systems Science, 45(12), 2480-2489.

Zhang, Z., Wu, S., Li, B.,, & Lee, S. (2015). (n, N) type
maintenance policy for multi-component systems with failure
interactions. International Journal of Systems Science, 46(6),
1051-1064.

Olas > E 5 dty st 9 Sol—dan (OYAA) (b osljoul
DYV oo VDA ol) G Caio (550,00 5 Sl B @)s &Sd

W o )

Operational Research, 30(1), 172-183.

Pozsgai, P., Neher, W., & Bertsche, B. (2003, January). Models
to consider load-sharing in reliability calculation and simulation
of systems consisting of mechanical components. In Annual
Reliability and Maintainability Symposium, 2003. (pp. 493-499).
IEEE.

Rykov, V., lvanova, N., & Kochetkova, I. (2022). Reliability
Analysis of a Load-Sharing k-out-of-n System Due to Its
Components’ Failure. Mathematics, 10(14), 2457.

Smidt-Destombes, K. S. D., van der Heijden, M. C., & van
Harten, A. (2004). On the availability of a k-out-of-N system
given limited spares and repair capacity under a condition-based
maintenance strategy. Reliability engineering &  System
safety, 83(3), 287-300.

Van der Weide, J. A, Pandey, M. D., & van Noortwijk, J. M.
(2010). Discounted cost model for condition-based maintenance
optimization. Reliability Engineering & System Safety, 95(3),
236-246.

Van Horenbeek, A., & Pintelon, L. (2013). A dynamic predictive

maintenance  policy  for  complex  multi-component
systems. Reliability engineering & system safety, 120, 39-50.

Wang, X., Zhao, X., Wu, C., & Wang, S. (2022). Mixed shock
model for multi-state weighted k-out-of-n: F systems with
degraded resistance against shocks. Reliability Engineering &
System Safety, 217, 108098.

Yahyatabar, A., & Najafi, A. A. (2018). A multi-stage stochastic
programming for condition-based maintenance with proportional
hazards  model. Journal  of Industrial and  Systems
Engineering, 12(1), 18-38.

Yahyatabar, A., & Najafi, A. A. (2018). Condition based
maintenance policy for series-parallel systems through

! Tampered Failure Rate Model
Load Sharing

Failure Dependency
Replacement

Proportional Hazard
Covariate

Condition-Based Maintenance
Weibull distribution
Predictive Maintenance

10 Multi-Component Systems
11K out of n

2cox

13 Optimal Control Limit

14 Maximum Likelihood Estimation
15 Structural Dependency

16 Economic Dependency

© ©® N o g~ w N

45


https://ieijqp.ir/article-1-958-en.html
http://www.tcpdf.org

