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relying on specific physical wioedreel st hod déer adat iponentr aHe e
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e, model ing methods based eammai Wii enrge rRuDge fo wTeasndgd L edjeawaell .doe
widely in degradation mobdelbinhgnaad Inofdet i mei tphr emié & ¢
to their favor ab[l4€ 7 naTthheeenxai tsitcianlg mroomp é mteiags degr adat i
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acteristics of degradati pne ddiad tdlL nagr fitsthea sfRrromg ediiefr ae 0 e 15 ¢

pment |l oads and varrinaatli ang paweirnt Eounat i oann d d eegxift ddt g t
ronment s, maki ng Wi enerestpalmiciegsdsreeabr a &s u intoab li em e afror Wi ¢
adation modeling and | i f etoinmsd dperrd chigc ttihare eo fs oaq ciepmendt
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posed a simple I|inear Wi eard prrogesesd dee ggtadah d otni cmomdie
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i pmdntme Wahg [dt]nalroduldled sat aBe nonlinear Wi ener proce:
diction method for metallicpedi ietrmngapaatt dahe Wegedda
ear Wi ener [plr@odcdersess. s eldi vetraicaltoisengi f her entnhdmoei rpge rti hoed s
f ormance among di fferent lufiet s meé np rteldzFcgpoes.e bHua cehte neef
i pment due to factors such w®s$ agrocneosnsliinnge aarecWinegees ,prd
or s, and functional di ff erearhmads .anTheyl pdapededt :a -dfifr
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t he equi pment for such pr e cixeptoineems.i a HoRWepwred d io oft, o o 0 mots h &
equi pment , relying solely onpaapeginglsal pei bormanog ihedi Ce
makes it di fficult to fully a@udrracrctur atesleyar cbf liencdi ctahtee s
heal t h status and degradat i pn e dpircotcierdgs b h e -tniByl r taédgaut i i porme n t
Thereforernefineotr dtehetot ate ofprheadmihnardtitherehyui pmesingl e

as fully as possible, it i scesselnat iadnst obdgtuwden udii fl fi aree
performance indicatAmsengoft htebep uéd quifpupment .on can only repr
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forms the foundat iporne dfi ajt i 0 § scacdmgclh@ x dependenci es exi st

equi pment on the basis of mdli ffprentpempfeod mamae c e ndnedati
Therefore, schol ars have al rexazdwsi we e utsiegadfed a meti mvgalrsel dff
predictULngft kgguR pment based appbivariane wmapychaasdittco mi sc
processes, assuming a <certaiatrcuocrtruerleath eotnweeexni sdtisf f ee temd e n
degradation processes of theitnwo e@sr mge®RacteonnercarasrsTo
equi pment . They introduce Cotphila pgamern i onsouat idveesicyr i breo pt

correlationbehweant d@rniditciacdorGopand fshabiosé to character
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eessCopula functions are tHteogtadatiedn tmordoehla ripntcecerdpeagreaatdi

model ing, flexible appl[i28B8%al i admre,s can dpeawri fdmiteeaadgpentiensess.
For +whulmeinsi onal |l épqeiap maretg rperdcap d rotni es of Wi ener pr btcebsBeE
al . [ 30] established a <corr ¢$ pjemHiTi)nagn all iyn é &ra|l Wiexrpeare sUbi 0 Q
degradation model for bearingroblabnaiyypeenhei mgndcenichdionaz
and the margi mRal dihemnr i huwstiingre ecofet Coptudd wi th di fferesntepni
function, they combined the mmaarxgimuad Idiilse¢lriilbawdd oesti ommadlbto
joint di stri buteiqoun pimeanatit ii @owni pagft it thlee e t he unknown par ame
prediction oORUL.t h®i nmddarrilryg' sDaef f edt iavlecnteis®@dllaintdy pofa t he pro
established a binary I|linear Wakhdatedoc¢t¢dsoudhbgrsadatl iadre dm
based on t hieonCofpbliclpat éfftei tati on eyfstneint kdealmas at scraocé€ degr adat

cadmium batteries. Qi et al.z_ If)e%rgd]ationanoaoel%é’sed a binary | i
Wi ener degradation model with two correlated perfor mance
e

indicators based on the Copul%"%iunn_gcétEform degireaddaBtaiyoen:
theory to implement tRELoonl The Wiremeérctpbacess thidhes phbedn c
onboard tr-paptormasuspkiedntirali hédiges due to its incorpora
For «imeinsi onal norelgiun @ardrdreggf &€&t i spl momandnii tg phimtesctes
et al. [33] proposed a nonl i ne@r Mo reintedr ¢t odegsagdaseanorna
tiweale transformations, usi ®PgoceeésFecankbed@bdde!l ednasi dal
combine the marginal distribut®@@n®mandoobt &On the joiPnt |
distribution function, Wwkitdchnwlars UbBEd®TTEmMeperes & mti $ ut deprie
of tdyye hollow reactor encapsdelgagtaidan i mat epricadess. s, zhamd ef o0&
[ 34] proposed two common bin&emmmmolny i nheyapro t Wieesri ezre dr @il 8 n

procesel m, one based on powemdoddaret @oh the $han dHds Bam e

I on aanndC appl
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for t he dri ft tiemreprefsenteygr andhaegidnilf tdi stribution and | o

coefficient. Due to variati omsi alml essageestablVi sbhnmgna smaa
processing materials among sinmi ljaorn neqdi pmenbuyt itchresr,e aeaxdi
certain di fferences i n the (deigstdidlubinontsr.ajSkcltaorr'ise st hafo 1
equi pmeaetefor e, in modeling @eptibamhooet i demgs adddsohasbiyv
the drift Gdiceefrfeigairamrtd as a jroainndtomdvatrabluéjon functi on
sati sfly'ifng, to account for idniditwiithwal ®disf fehenceas uni que
among equwipmeantfi xed parametér edestsi Duwh 6tOWEDO . | nste
commonalities amonig rsdpmridsaeanbequtitpene n Co p UG affOdn @atr ieont wo a
di ffusion coefficient, with CBDf, acsbBempiOhfodet hatdabye phe a
w,oand are mutually iinfdepaemaleynsiusb $Hiempml joint di stribution
Eq. (1) represents a commomaf @irmalbadgdedt on b @t ica MED e [ra3x6e
degradation model , and diffeAsstmidregr aa @dddanrvep radtadrieilresisa t @ al
described by different drift dtiertms.buRdroni ndg tadcicraeonns if orf dlet
is repre%dinted &£9. (1) becomes affdl dde neapr éxaant,edwiatsh  m:

degradation modelUL wireédigtapd| stdildiomai®dneespectively. Ac (
[ 22201 n t hi sRUIpmrpedi,ctai on met hotdh ebcarseerd, oan Gohpee k asf snsucbnt he

Wi ener process i s proposed, "Owhoi cohOwldGnt ai ns mul ti pd e
degradation models, mainly incliodi ai@dt &r e e ctoynp ibnalloi uske g mtahd
model s, namel y, , | powar 0Ofandt iden er mi RPEH . Oftbebt ai ned throug
exponenti al 0 funct i dn%edn function is given by:
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Copula functions are a C'assfaﬁwflJ“i”§thﬂn5imbBF‘farFton@Gn‘hﬁo
di stribution functions of m“\‘hh@lFoﬁé‘.”démevtaéiiatbée§irWdlté"
respective marginal distribug{oHaguBgéhoW§de|aydu§é§_ the,r
al so referred to.Tan:kicncgnrbémtairty@ovpfaummataﬂafilu%mcstiOns aimeblsd own i r

2.Qopula function theory

as an etxsamprleaect iical significance | ies in connecting the

Tabl.€hdee common Archi medean binary Copula functions
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Among |trhepr,esents the paraméet ermeafnst htehec owareilabilibom oeddr
dependence dlirmectiidn.i nWhemt eisl ltutsatr atleendei di fference bei
a positive correlatijon bedatwe@mpuaai dhuiined; owlsegandc ep lpatpse rt t
there is a negative cor|rlem atieamr hbetfweédr vharieablCepul whéonc

c(u,v)

(a) Frank Copul a'"s (Ol ayton Copul a'"s |

v 0 o u

( Qu mb e | Copul a's PDF
Fi gPDFgr aphs of three Copula functions

From PtDiFgr aphs of the aforenbemi oBie®™ 6CDRuUI a T
functions, it can be observewhetoéhéad Ndi 6f ear eknirt 0 wiho p @ p @ uslf at rht
depict correlaFrankdCbpaltanit kysukls@bhnedi Rgsr ptahrea medieghtnt ¢ o e
modeling symmetric dependencéd otB U@t mr e sRebseetawecehn ivradii @adtl e
whil e t he Cdfafye cotni vCeolpyu | cah ar a cftwermrd tziessn sa sryemmeeif 8. 7o pul a funct
| o wteari | depeardient e Gemibel s %@ H'_i‘f'e{in?é prediction

describing a styarinle t rdie @Tehmdepréwme .e
et

. . 3..:|.Lif
relying solely on a single Copula func

] ) o degradatio
practi cal appl i datsitomrds echanpartled anch t o
represeonft attientsrue dependencylhssr P@P&readpREFi EHrRacOPPCeEPp!
when the data exhmbdal cdempedddBdd Mol twhich means that w
pattEonaddress this, considefd§@lgahaojiemby (Bf iorfstmuedliaplise o
Copula functions becomes neckls&aaty. f agyleunrtelet herqeusigrontedng y |i &8
function can better describe ftanE3e8deg@hdehle ttipme figdy gtaldem g
the data more effectively. the equipment’'s I|ifetime. Bas

The model of the binary mixdaagopeal definedi 88 is as foll

me. predicti on of
tion O integrate
n dat
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Without |1 oss of generjal mty, |l et the failure threshold
According t[dehm{eiB,é]IelmeelsifetimenobP[%F andeQ(bﬁ__B X
di stributilop aniharte oms offol | ows:

() TheDRnd distribution funct®on®Pfndyedisiteadbjufd on fun

corresponding to ﬁhaeredeagsradactqrornesrﬂoocf]edlin t o b haer ed ea

foll ows: foll ows:
QO g —————— ] o W —m— Q0o —— U]
06 p Qwh w
@ TheDRNd distribution functidnldoéfowshe [ ifeti me

corresponding to ©haeredeagsr adati on model

Qo e 1 f o Qwn p T

wiltd Qodho dRoHo p.

006 p QR _— pp

I n t he aboved dgunatiesn the |ldunul RIDF e,oflandan be obRUAI ne
distribution function of andde pstodmdarlid tryordmaslt rdiibsuttriiobnu tfiuonn
1 represent the mean and v,ardadoeceedfad hsehodwni fbtel oavef f i ci e
which foll ows aTher mad o fdEqgsst.o ¢ &%) sTihfedd Fa n d di stributionULTf ur
(7)), (9), and (11) is shown in Ampperedip nAl.i ng t o thhear e e @t

For the ouraeocbrtdimg to the cohokbowsf FHT, the
RUL of the equipment can be defined as

D "QEH mRa o ] pC Qo @ ———=00H —— po
wheaoderepresdht oft hHéheR etgiumiep men't at

Simila@rcloy, ding to the | ideefadulure [ 21], the remaining

"Od p —— Qwh P T

(2) TheDFand distributionULfunctifoehl oowWws: t he R

corresponding t o tbhear eleg@sadati on mo d e |

gobs 1 ra a0 — Qo pU

wilt h ] MO [ & a o 0.
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3 TheDFand di stributionULfunctifohl ocows: t he R
corresponding t o tbher elegrsadati on mo d e |

"Qa 1 [ & —Qwn P X

py
The method ofULppowvbabgi ltihey Réf shedbasi on
functionOforamddelsshown in AppeVdlex@@oBd 71 €é¢ 0 p w
3.Rifetime prediction of dualABEF1{orombatn%'en'dneggréélaetti))'i’l)Fs
dat a performance indicators of th
to Sklar's theorem, there mu:
Thi s section focuses on equ'bgment wi t h t wo gerformance
used to analyz the correl
indicators and investigates methods, for redicting .equi.p
indicatons. PDReofothe 1 ifetin
l'ifetime based on a bivariate W ener process degradat. n |
indicators can be obtaine tF
It is initially required that_the Qper“f,or,manv“ce‘ ndi cator s
Q 0 0 Q0 woOdohOoOoNM QoMo ¢
equi pmetntt me foll owing assumpti ons s
& 4 g wheQe)an@foare the PDFs of I i
Assumpt iThre egradation rocesses 0 t he .t wo
P g P per?ormancé‘ogi raﬂlﬂdgaatroersthe di
performance indicators of the e%uipment can . be model ed ug
functions of I'i feti me of t
Wi ener processes with |linear or nonl ipear
) respecQi welep.resents the join
AssumptkFon £he same equi pme,nt,. the mon|t,,q‘r6ng‘
wOohOooNnN i s thed®BODRO O .
time and intervals of the two performance indjcators rert
Similarly, according tUb ofhe
synchronous.
equi pment with two perfor manc
AssumptTlioenr e3:exi sts correlation .in . the degyr, at,i on
P tu Sgsodz T a O Wgsxia)l%r o ¢p
of the two erformance indicators, d hi s orrel ati n.
W P ! ! wheuas ?U%eoIR ququomwﬁEna't%tm
reasonably described using a certain l%ivariate Copul a, fun
q H it . of ULR of t he t\r/]vodpeloforerqfamcpene
To redict the i fetime o equi ment wit u erfor mai
P ) . . ogtaPneg separatealyJLp cﬂhetﬁn@
degradadoond ohbedt denote the deg}radation
performance indicators can b
values of the two performance indicators of the equi pmen
equation:
ti me, and I et the failure threshold be.  denoted by
_ M 4 Qa Ma ooahoan QaQa ¢(
. When either of t he er formance ndicators
1h P I'n ther’]@quaanthﬁooare tII%e PULF s
i MO0 exceeds i ts correspondin failure t hr hol d, t he.
P ofg the two perf"C%%(mmli@cbearadeltm
equi pment i s considered to have failed. Therefore the | i
di stributi orCDFsunof Ubtnhsef oRt he
of the equi pment with two performance |_nddjcators can b
performance i ndixatiorespr axesmt
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joint BIDF of R distribution, with its mean ¢

4. Parameter estimation o 1 ¢t
wi t h

Due to the |l arge number of parma ef)ters to be estimatceud,

stepwmiagxé muimkel i hood estimati on rvc‘)etc‘)hobdEhc‘)aﬁs t he

advantages of simple calculationp and Elogar process, so

st epmwmasenuinkel i hood estimationUmléDléIr%ogé,Eésg':'used t o Ce
I

estimat e t he par ameitOdrisr omn t hkeewy ModeE o U

aforementioned degradation mod&slt,i mati cranofbe hseheim kKhibmht
parameters to be estimated aregrawat ipern f amaneinmdudnk b hghaehteo

corresponding t ‘thhfe hbpiamr amé®ease®d on the assumption of i
degradat i oni nmotdheel Guonpdu!l a f un cnielaoshur erneesnptesct b¥ eldyi.f f drieretl i e
It can be inferred that al | fpuanrcanmeotneriss:t o be estimated
divided into two parts for stepwise estimation. The firs
-6¢s -B & ‘o © o0y

aw -
consists of tdenddrtife diofeffUsicinrendaoefficient
1 within the degradation modelwi thhe second part comprises
arameiehin the Copull & Foecmat ixan x A L .
p m pruht & g0 &dp 1 om ok m ——m ®m AP
be estimated by wutilizing the measured values of their re

performance indicators combinel@%i?e% ©h&eraxRadulnd ali kBT hY
met hod. OSumpemrsesents the per f9FIAainic®n d¥WhH't Badnddespedt itvoel vy,
value measur é@mtby, etgue p meme dlelge M g8dtlidlpamobt aeno, we

trajectory can be expressed as. f ®&l | ows:

¢ w
W o W% O 1 6 0O Co
wherep Q¢ép Qa , | edt 1 B & ‘o o H o — o
OohoEMWO ,0 ORKER ,and _ , ,
. T . ) Subst it u2tdi naghME §(s t20/(,Eqve (get :
0O OmMhEM w foll ows a multivariate nor mal
ach —— - -a$s -B o o T —— —aé = op

By maximizing Eq. (31),ame dcdad odtoai n qsot i rahtoe s oo 0Or ,
@ and then substituting thenmdi ndo wEqsen ( H9) and ( 3.0) Byl It
t o comput e dstammat.efo fewrnt i matae urtehe of t he Wi ener wprDoce
parameti@rsthe Copula funcNi om,d®aoHsos i mion g. Tthreered oaee t he PIL
equi pment , eacM measer gmeé migso.f tlheet per f or manmdei sdegr adat i c
W 0O represent the mbasgqueéempmeentofhtt he mie
O , Wh RS Q pRFED , Mngdt . Then t KO W
experiment alt hd aper ffoorrmatnhcee kdiegr adati on value
Wheimi s a random varDOablhe ,and s

Qo) ————— oo

can be represented as:

o . .. corresponding PDF is

w 0 w 0 E w o
. W o0 W o E & o "QW ——Qown oT
® o < < ~ ~ oC

é é é é

w 0 w 0 E o 0o Using the law of total prol
The incr entehntpeorff otrhnea nkc e d e gvraard aatbicl eens:, g eMeue o f
the hi equi pment iino thheiwdi me interval
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Meanwhi l e, the PDF of the degthdatigonpmact emaonotowvadil ue
wwcan be represented by its cCwmuwllat idBsenucdahsotnhabuti on funct
ot Owd hwd 6 "Oww FO® o X

Oww o9

Thusmakhedurkel i hood function
When considering two perfor mynge aead ' dthatdiadt:m char det ohit At
0| ( L QOO0wn FOowmd Qw6

L L @ h L Qmn oy

Taking the | dBaomthot mfsiEdes (yi el ds

aé g B B daéoQ h -B B B af£iQ ww
1 %o O B B B a¢Q@ ow
The unknowrn imartahneetmadel i sd egysrtaidnaatieocdh bmodel s using2pdi f

maxi mi z3d®g Eaq. this paper, the#hBWMSE ars elae chal dwinatteadnf r om t
in Matl ab, which is a multidimensignal searfrc¢h method, i s
VYO |« Q0 Tp

5 . 0 Q@
to achieve this. 0 q 4

X

5. Simulation experiment study whebeanodrepreaentalt handL poédit

This section wildl val i date tbquippmemﬁ)c,atriettgi’iﬁhgaagﬁnn'ﬂig’;y@eflrfye.pnésu
the proposed method using simehéaPBRE d¢dfatRhe recdi pbnkeDn tl i.g hrty
system dat a, and crack degr adaetei ornMsScEat a from met al equi pm

Since different Copula functions wsed in modeling willdl y
di ffterpgredi ction results, seleg%iY%)g—a Copul a functioﬁqwit
good goodness of fit is crucivaheghessédeon opm@ac niueirieer B rO&EhQnt
paper employs the Akaike | dfodrarhathiugnbercroft eex per i meinca)l

a widely applicable standardther fmeeasdur @ hg dietlgeg ag@d d Pés sma
of stabdstbs¢calf om Copula funca¢ownr ae) exft immndelTsh.usThet mel ni r
Al C can be used to choos[ed.la]n tahpeproesti att et Copal actunacyomn

006 cad ca T T a criterion fd4P.moRIMIE sied eol
wheda#&i ¢ hleogarithmic maximum EPREPNhonEd rf asctuiserd to asse:
valouaerresponding mtie ttthe maudwwiedeldsf. 't measures the deg
parameters in the model. A snmpalelderctpeldCc wallwe andi ¢tdeed rae
fit, meaning that the Copul a sfqumdtei om owWi toH tthee I[sduwe ife &MhE
is considered the best choicd.he predicted vaThie samal Itere tt

In order to more intuitiveRMSEdenonstthreatsematl her ptbei of -
performance of thettdlegmadnat ishlheamdeltet er tthree predictive abi
error (TMSE), rootor mé RIMSEyu ame f orelanws

absolut e error ( MAE) ar e further calcul ated for di ffer
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YO YO -B a a 10

To verilWy ptrheediRti on effecti
MAE s a metric used to assess the c?c_curac,y of . redic,tlm?_
. propose in this papaemd siemuli
model s. It is the average of the absolute differences be
_ 30 sets of degradat_lon dat a.
predicted values and actual val ues The, ecifijic calcul
degradatlon mo ell 1B ahe
formul a is: :
™ Each siampolbes er ved 24 ti mes
D
000 -B a a TT intervals of 5 hoaursel owm h2e.n sTror
il lustrate that theeui me n |
The smaMAErthéecl oser the predlcteg val ues are 0 P
. . . ch.aracter|eét.hles.s|mmeladhevdddegr
the true values, indicating higher predictive accur y
t wo groups, each represent.i
mo d e |
degradation data for the equi
30 T T T T T 25
25| ol 20
20 E15
£ g
510— %
§ 85
ol
5L 1 L L L L J 0 20 40 60 80 100 120
0 20 40 60 80 100 120 Monitoring time Chours)
Monitoring time Chours)
(a) Degradation data (b) Degradationl data ¢
Fi gSi @dul ation degiradation data of M
To compare th®&ULbDIirfefddrcen coens hoepputeae nff uncti on i s designat ec

si nmgéref or mancgerafnod madmalk degradlaéei modalatmergi ng Clayton C
this study also RULmulkdiesi anGomrwelad yeescti on i s | abel ed ac
using t-pweronmhece degradati onThHeaitamedesl, dasbgpatatding Fi

as Method | and Met hepderlflo,r nmae@scpaeycttoinveCoypulThe fdiwmalt i on, an
degradation models constructedenti mige d assi nMjelteh oFdr dnXxk Co p u
function, Clayton Copul a f und@tyi oanp,pl shdg Guhmdb etl e gCoapdwalta o1
function are | abeled as Methomet hbds, MéehkodnkWowangaMaime o e
respectivel y. For nt e pmioxaed e@ap wnigas afeupmwcotaixoo mum | i kel i hood
The model integrating Fr ankr eCsoulutlsa sfuummntatriiozne dandn Jlady teo 12
Copula function is denoted as Method VI ;

The model combining Frank Copula function and Gumbel
Tab2dRar ameter estimates for different Copula functions
Copul a | ka k2 ks [ In Al C
Frank 0.0007 1 - - -814.§ 1631.

Cl ayton 1. 05005 - 1 - -814.§ 1631.
Gumbel 1.098¢ - - 1 -814.§ 1631.
kifFranKtakt on 5.00101¢( 0.020(¢( 0.980¢( - 20. 47 46. 85
kiFr ansgett mk e | 1.000¢ 3. 90094 - 0.999 -493.1 992. 3
kaCl a ywks@Gmmmb e | 1.000¢ - 2.14146] 1.000f -783.9 1573.
kiFr anctayt:@mmb 1.000¢ 8.980/5 0.001¢§ 0.998 -784.1 1576.
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Based 02 Tablccan be obser vedsttihnaatt etdh eu sppanrgamenye r mi xed Cc
val ues estimated using di f freirxeend  Qooppuull @aa  ffuunnccttiioonn s mowdeerl|
significa#dtilke.l i hheodl o@l ues opbrteadincettiLnforfd re @uiRéeg mepspta mameder
a single Copula function aresabbktiowéeerdt hahot hboe®elfdefloei nPels
any mixed Copula function. Endttheemoesuyul ttihneg AluC vesl aes
estimated with a single Copula function are greater than
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