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ABSTRACT

ARTICLE INFO

Complex repairable systems with bathtub-shaped failure intensity will nor-
mally go through three periods in the lifecycle, which requires maintenance
policies and management decisions accordingly. Therefore, the accurate esti-
mation of change points of different periods has great significance. This paper
addresses the challenge of change-point estimation in failure processes for
repairable systems, especially for sustained and gradual processes of change.
The paper proposes a sectional model composed of two non-homogeneous
Poisson processes (NHPPs) to describe the bathtub-shaped failure intensity.
In order to obtain the accurate change-point estimator, a novel hybrid method
is developed combining bootstrap control charts with the sequential cluster-
ing approach. Through Monte Carlo simulations, the proposed change-point
estimation method is compared with two powerful estimation procedures in
various conditions. The results suggest that the proposed method performs
effective and satisfactory for failure processes with no limits of distributions,
changing ranges and sampling schemes. It especially provides higher preci-
sion and lower uncertainty in detecting small shifts of change. Finally, a case
study analysing real failure data from a heavy-duty CNC machine tool is pre-
sented. The parameters of the proposed NHPP model are estimated. The
change point of the early failure period and the random failure period is also
calculated. These findings can contribute to determining the burn-in time in
order to improve the reliability of the machine tool.
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POVZETEK PODATKI O CLANKU
Kompleksni popravljivi sistemi z intenzivnostjo okvare v obliki kopalne kadi, Kljucne besede:

v Casu zivljenjskega cikla preidejo tri obdobja, kar zahteva ustrezno vzdrze- Ocena toCke spremembe;

valno politiko in odloc¢itve o upravljanju. Zato je zelo pomembna natancna CNC stroji;

ocena toCke spremembe med razli¢nimi obdobji. V prispevku je predstavljeno Nehomogeni Poissonovi procesi
ocenjevanje tocke spremembe pri okvarah na popravljivih sistemih; poudarek (NHPP);

je na trajnih in postopnih procesnih spremembah. V prispevku je predlagan Statisti¢ni nadzor procesov;
model, sestavljen iz dveh nehomogenih Poissonovih procesov (NHPPs), ki Odvisnosti v obliki kopalne kadi;
opisujeta intenziteto okvare v obliki kopalne kadi. Za pridobitev natan¢ne Zdruzevanje gruc

ocene toCke spremembe je bila razvita nova hibridna metoda, ki zdruzuje
bootstrap nadzorne grafe in postopek zaporednega zdruzevanja gruc. S simu-
lacijami Monte Carlo smo predlagano metodo ocenjevanja tocke spremembe
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primerjali z dvema ocenjevalnima postopkoma pri razlicnih pogojih. Rezultati (C}};e}?} F')@f 1
so pokazali, da predlagana metoda deluje uc¢inkovito in zadovoljivo pri proce- ((:(CJthm(?H )oxmal -com

sih okvare brez omejitev distribucije, spreminjanja razporedov in shem vzor-
Cenja. Zagotavlja vec¢jo natan¢nost in manj$o negotovost, zlasti pri odkrivanju Zgodovina ¢lanka:

majhnih premikov sprememb. Na koncu je predstavljena Se Studija primera, ki Prejet 17. septembra 2017
analizira dejanske podatke o napakah industrijskega CNC stroja. Ocenjeni so Popravljen 27. avgusta 2018
bili parametri predlaganega modela NHPP ter tocka spremembe med okvaro v Sprejet 24. avgusta 2018
zgodnjem obdobju in naklju¢nim izpadom. Te ugotovitve lahko prispevajo k

napovedi trenutka izpada in povecanju zanesljivost strojev.
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