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Abstract

This article provides a generalized framework for selection of time-to-failure model based on the assessment of trends
in failure and repair time data. This framework is based on modifications of existing frameworks and can be applied for

binary as well as multi-state systems. The proposed framework is applied for reliability analysis of a computerized numer-

ical control turning center. For analysis purpose, the failure data are collected for 50 computerized numerical control
turning center over a period of 7 years for three different working conditions, that is, when machining material is steel,

aluminum and cast iron. The data collected are then processed using the proposed framework and the best-fit distribu-

tion is found for the time-to-failure data. Furthermore, the reliable life and reliabilities of the different sub-systems are
estimated. From the analysis, it is found that spindle system, computerized numerical control system, electrical and elec-

tronic system, hydraulic system and cooling system are found to be critical from reliability and maintainability point of

view. The analysis presented here is expected to help the users and manufacturers of computerized numerical control
turning center to estimate the reliability in accurate manner.
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Introduction

Computerized numerical control (CNC) turning centers

are the special purpose machine tools with a high level

of automation and complicated structure. CNC turning

centers have become the heart of manufacturing indus-

tries due to their accuracy, inherent flexibility and pro-

ductivity.1,2 The failure of such complicated structure

may cause the production line or even the whole work-

shop to stop functioning. The repairs are difficult and

expensive when an unexpected failure occurs.3 It is diffi-

cult to prevent failures, but they can be predicted and

probability of occurrence can be minimized. In this con-

text, reliability, maintainability and availability of CNC

turning centers are crucial especially whenever it is a

part of mass production system.4,5 Therefore, it is

required to identify critical failure modes, components

and sub-systems by analyzing field failure data.6 System

reliability can be improved by design modifications and

developing proper maintenance strategy.

Reliability, maintainability and availability tech-

niques have been gradually accepted as tools for the

planning and operations of automatic and complex sys-

tems such as CNC turning center.7,8 It is also seen that

the operation and maintenance costs are major contri-

butors to life cycle cost (LCC) of most of repairable sys-

tems and contribute up to 60% of LCC.9,10 The LCC

can be optimized by implementing preventive and pre-

dictive maintenance strategy effectively. Equipment

parameter checks, oil replacement or refill, lubrication
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and partial or complete overhauls at specified periods

are the preventive and predictive maintenance strate-

gies. Reliability study also helps to minimize unplanned

maintenance as it is responsible for considerable pro-

duction loss.

In this article, reliability analysis of two CNC turn-

ing center models, say CNCTC1 and CNCTC2, is pre-

sented. The analysis of CNCTC1 and CNCTC2 is

carried out for three different machining materials:

steel, aluminum and cast iron. This CNC turning cen-

ters are manufactured in India and typically used for

machining of automobile components. The major

objectives set were as follows:

� To study CNC turning center configuration and

increase understanding of the nature of failure

patterns;
� To develop a framework for time-to-failure (TTF)

and time-to-repair (TTR) model selection based on

the assessment of trends in maintenance data;
� To select best-fit distribution for a CNC turning cen-

ter using proposed framework and estimate reliabil-

ity characteristics in precise quantitative terms;
� To identify and discuss reliability characteristics for

CNCTC1 and CNCTC2 with three different

machining materials: steel, aluminum and cast iron;
� To identify critical sub-systems from reliability and

maintainability point of view.

The structure of the article is as follows: section

‘‘CNC turning center configuration’’ gives the config-

uration of CNC turning center. An extensive literature

survey is presented in section ‘‘Literature review,’’

which gives reliability study of CNC-assisted systems

and published frameworks of TTF model selection.

Section ‘‘Development of framework for reliability

analysis’’ discusses the proposed TTF model selection

framework used for the analysis of CNC turning cen-

ter. Section ‘‘Reliability analysis of CNC turning cen-

ter’’ presents a case study describing the application of

the proposed framework for reliability analysis of a

CNC turning center. The quantitative results are also

presented which identifies critical sub-systems from

reliability and maintainability perspective. Finally, the

significant conclusions are presented in section

‘‘Conclusion.’’

CNC turning center configuration

The configuration of a CNC turning center is given in

Figure 1. It consists of 14 different sub-systems: main

transmission (MT), spindle system (SS), chuck system

(ChS), turret system (TS), X- and Z-axis system

(XZAS), hydraulic system (HS), pneumatic system

(PS), coolant system (CS), electrical and electronic sys-

tem (EES), computerized numerical control system

(CNCS), lubrication system (LS), swarf conveyor (SC),

tail-stock system (TSS) and other system (OS). The
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Figure 1. Configuration of CNC turning center.1–4
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spindle is driven by a servomotor with step-less speed

regulations through MT. The MT consists of servomo-

tor and its cooling fan, pulley, shaft and belts. The SS

includes spindle bearings, housing and spindle ele-

ments. The job clamping and de-clamping at chuck is

carried out by drawbar through HS. Alternating cur-

rent (AC) or direct current (DC) servomotors are used

to drive X- and Z-axes through ball lead screws, and

controlled simultaneously. The turret or tool-holder

may change tools automatically. Most of the sub-

systems are precisely controlled by CNC system.

CNC system is the heart of the CNC turning center.

It consists of programmable logic control (PLC), printed

circuit board (PCB), power supply. The input/output (I/

O) PCB connects the control panel, buttons, limit

switches, magnets, turret and other sub-systems. The

axis PCB controls the slide axes and the spindle through

semi-closed or closed-loop electronic control motor

drive and photoelectric encoder. Memory PCB connects

additional encoder, cathode ray tube (CRT), multiple

document interface (MDI), manual pulse generator

(MPG), backup battery and RS-232 serial communica-

tion device. There are some electronic components, such

as relays, contactor switches, regulators and buttons,

are fixed in a cabinet. Limit switches, proximity switches

and encoders are located on the machine.

Literature review

Many reliability studies have been performed to study

CNC-assisted systems such as lathes, machining cen-

ters, milling centers and band saw cutting machines.11–

15 Most of the reliability studies of CNC-assisted sys-

tems are carried out using specific reliability distribu-

tion and not by trend analysis or goodness-of-fit (GoF)

tests. To predict reliability characteristics accurately, it

is essential to select appropriate model for the analysis.

Therefore, it is necessary to use various statistical tests

for a better understanding of failures patterns and relia-

bility modeling. It can also be used for decision-making

process concerning planning of operation and mainte-

nance activities.14–17

Several procedures have been proposed for the

reliability modeling of repairable systems.18–30 Sehgal

et al.20 suggested a procedure for the evaluation and

selection of components such as rolling contact bear-

ings for a given application considering reliability

aspect, which is based on graph theory and matrix

method. Pulido et al.21 presented a comprehensive

methodology using Bayesian approach for obtaining

prior distribution in reliability and require only prior

intervals for the mean and the standard deviations of

TTF of the product. The proposed methodology has

to be verified when sufficient reliability data are avail-

able in order to develop posterior distribution. Kim

and Yum22 carried out a comparative simulation

study on selection between Weibull and log-normal

distribution. Maximum likelihood and scale invariant

procedures are compared and use complete as well as

censored samples. Barabady and Kumar23 presented

a framework for reliability analysis of repairable sys-

tem. x2 distribution has been used for trend analysis

and Kolmogorov–Smirnov (K-S) test for best-fit dis-

tribution. Louit et al.24 reviewed several tests avail-

able to assess the existence of trends and presented a

framework for model selection to represent the failure

process for a component or system. The model selec-

tion framework is directed toward the discrimination

between the use of statistical distributions to repre-

sent the TTF (renewal approach), and the use of sto-

chastic point process (repairable system approach),

when there may be the presence of system aging or

reliability growth.

Regattieri et al.25 introduced a framework defining a

general approach for failure process modeling (FPM).

Lad and Kulkarni26 estimated reliability of machine

tool in the absence of field failure data. It uses the

knowledge and experience of maintenance personnel to

obtain the parameters of lifetime distribution of the

repairable and non-repairable components/assemblies.

Castet and Saleh27 conducted a non-parametric analy-

sis of satellite reliability for 1584 Earth-orbiting satel-

lites. Barabadi28 presented a case study using Weibull

distribution for different components of power distri-

bution system. Weibull probability plot (WPP) is found

to be simple and highly relevant approach. Barabadi et

al.29 presented a case study estimating the number of

spare parts required for an item. Proposed methodol-

ogy focuses on selection of best-fit distributions and

various factors such as operational environment, main-

tenance policy, operator skills. Bobrowski et al.30 com-

pared parametric, semi-parametric and non-parametric

models. A new model selection procedure presented

using GoF measure and it has been applied to all three

types of regression models.

From the literature, it is observed that most of the

data analysis frameworks are either specific or requires

large number of tests to be conducted. Many of them

are carried out under false premises such as by assum-

ing system as binary state system. However, in actual

practice, various degraded states (multi-states) should

be considered. This article provides a simplified gener-

alized framework for reliability and maintainability

analysis. Proposed methodology discriminates binary

and multi-state system analysis approaches and also

gives clear idea for the use of Bayesian technique, non-

parametric method or parametric method.

Development of framework for reliability

analysis

In this section, a generalized framework for the analysis

of TTF and TTR data of CNC turning center is pro-

posed. Proposed framework can be used under various

conditions and practical situations. Modeling of binary

as well as multi-state system (MSS) is also possible.
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Figure 2 shows the proposed generalized framework

for selection of TTF model for repairable systems. The

proposed framework is used for the analysis TTF and

TTR data of CNC turning center.

Selection of the system and data collection

The first step involved in reliability analysis is the selec-

tion of a system. Reliability analysis require cost, time

and expertise. Therefore, parameters such as type of

product, necessity of analysis, level of safety and risk

requirement and cost–benefit aspect should be consid-

ered while selecting the system. Subsequently, the whole

system should be divided into different sub-systems,

assemblies, sub-assemblies and components. A complex

system may consist of large number of components.

Therefore, Pareto analysis or analytic hierarchy process

(AHP) can be used to identify critical components and

sub-systems for further analysis.

The data collection is the basis of failure analysis.

Field failure data, such as machine history cards, reports

generated by service engineers, maintenance register and

expert opinions can be used for Pareto analysis or AHP.

Data generated from reliability testing can also be used.

The maintenance reports should contain the informa-

tion such as failure date and time, failure phenomenon,

description of the failure cause, repair process and repair

time, other information about machining center failure.

The more detailed and truly the failure data are, the

more accurate the analysis result is. The next step after

data collection, sorting and analysis is to decide appro-

priate approach for data analysis. Several approaches

for reliability analysis are presented and compared in

section ‘‘Data analysis approach.’’

Data analysis approach

Reliability analysis can be carried out using various

approaches. Considering failures modes (complete or

partial failures), binary and MSS analysis approach can

be used. Again, based on the availability of the data,

Bayesian, parametric and non-parametric methods can

be used. This is discussed in sub-sequent sections.

Binary and multi-state system. Binary system analysis con-

siders only two states of the system: functioning and

faulty. Binary state system analysis is widely used due

to its simplicity, ease for application and modeling.31,32

Figure 2. Generalized framework for time-to-failure and time-to-repair model selection.
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However, there are many systems, such as power gener-

ation units and manufacturing systems, whose overall

performance can settle on different levels, for example,

100%, 90%, 50% of the total capacity. In the literature,

such systems are referred to as multi-state systems.33–35

Multi-state failure analysis introduces ‘‘degraded

states’’ or ‘‘partial failures states’’ and thus provides

more insight into the degradation behavior of an item,

and its progression toward complete failure. Modeling

of such systems is a challenging task; feasibility of the

solution is also critical.36–38

Selection of approach based on the availability of the

data. One major problem in reliability analysis is the lack

of sufficient data.39 The amount of information available

in limited data sets is minor. Many data sets are for

maintenance management rather than reliability study

and therefore, careful scrutiny of such data is required.40

Bayesian method provides optimal solution using stan-

dard models when lack of data is a problem.41,42

Bayesian techniques can be used to model by incorporat-

ing all the prior information available: previous systems

estimates; actual data from similar systems; information

from reliability sources and expert judgment. The poster-

ior distributions representing the failure process can be

developed using newly gathered data. Special care should

be taken while developing prior distribution.43

Parametric or non-parametric methods are used

when sufficient data are available. Non-parametric

methods are approximate and easy to use and reliabil-

ity parameters are directly evaluated based on the defi-

nitions of each parameter without bothering about the

distribution of the data. Kaplan–Meier, simple actuar-

ial and standard actuarial are some of the non-

parametric methods. The extrapolation of reliability

characteristics in case of non-parametric methods is

not accurate. Moreover, the confidence bounds are

usually wider than those calculated via parametric

analysis. Therefore, non-parametric methods may be

used only during preliminary stages of reliability stud-

ies.44 This method can also be used when none of the

statistical distribution fits to the data.

Parametric methods are used for reliability analysis of

a system precisely. In parametric methods, failure data

are fitted to statistical distribution such as the Weibull,

normal, exponential and/or log-normal. Advanced tech-

niques such as GoF test are used for modeling the failure

data. Software packages are available and can be used

for choosing best-fit distribution. Parametric analysis

gives a better understanding of the failure mechanisms

and the resulting model can be used for analytical eva-

luation over the lifespan of the system. Sometimes, best-

fit distribution is selected based on type of component or

based on past experience and then distribution para-

meters are evaluated using the failure data.

Reliability analysis approach for repairable and non-

repairable system is different.45 In case of non-repairable

system, the entire system is required to replace after

failure. A repairable system is one which restored to

working conditions after every failure by means of any

method other than replacement of entire system.

Repairable system analysis approach does not assume

that time-between-failure (TBF) are independent and

identically distributed (iid). Modeling of repairable sys-

tems does not use statistical distributions, but use sto-

chastic point processes. The repairable systems reliability

is modeled by various point processes (PP), such as the

homogeneous Poisson process (HPP), non-homogeneous

Poisson process (NHPP), renewal process (RP), general-

ized renewal process (GRP). To discriminate various

point processes, trend testing methods are used. The

required and popular trend testing methods are described

in section ‘‘Trend testing techniques.’’

Trend testing techniques

A first step in model selection is the assessment of the

existence of trend or time dependency in the data.

Reliability study uses data which are collected over

some period of time. The need of trend testing is a

series of observations of such data. In statistical terms,

this is a determination of whether the probability distri-

bution from which they arise has changed over time.

There are several trend testing techniques used for this

task. The selection of proper test is described here.

Graphical methods. Several graphical tests are available

for trend testing and should be selected according to sit-

uation. Some of them are described here. Timeline plot-

ting is a method used to identify possible trend in the

data at preliminary stage. Figure 3 shows three theoreti-

cal situations in relation to TTF of a particular system.

For A, there is no clear trend; for B, system is said to be

deteriorating as the time tends to get shorter and for C,

the system is said to be improving as the time between

arrivals tends to get longer.

Cumulative failure against time plot is another pow-

erful tool.44 Figure 4 shows generic plots expected with

interpretation. This solution may not enough if there is

a slight trend and analytical test should be performed.18

Another limitation of this test that the assessment of

trend is based on interpretation and interpretation may

be wrong for large sample size. A complementary test

to the cumulative failures against time plot is scatter

plot of successive service lives (i.e. plotting the service

Figure 3. Possible trends in time between failures.
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life of the ith failure, against (i2 1)th failure). If only

one cluster of points is observed, there is no trend in

the data. Two or more cluster of points or linear plots

indicate trend. This test is also very helpful in identify-

ing and eliminating unusual values for the failure time

in a set of data, which may be related to poor data col-

lection or accidents.

Above tests are used when the data of a single sys-

tem are under observation. However, in case of data of

multiple systems, the Nelson–Aalen plot is used.45 In

this test, linear plot results no trend and any deviation

from a straight line indicates trend. The Nelson–Aalen

plot is equivalent to the cumulative failures versus time

plot when the data are of a single system. The total test

on time (TTT) plot is used whenever the data of similar

pieces of equipment are combined. Similar piece of

equipment means this equipment should have same

design, hardware, function, installation, working condi-

tions and maintenance procedures.

Analytical methods. Analytical methods can also be pre-

ferred over graphical methods. Null hypothesis and

alternative hypothesis of the analytical methods decide

whether trend is present in the data or not. A complete

survey of analytical trend tests presented by Ascher and

Feingold18 and Elvebakk46 described popular tests. The

Mann test, Lewis–Robinson test and military hand-

book (MH) test are some of the popular methods.47

Some of them are briefly described here.

The Mann test is an analytical method used only

when a single system is under consideration.48 The null

hypothesis for the Mann test is a RP. If null hypothesis

is accepted, reliability analysis is continued by fitting a

distribution to the data. If the alternative hypothesis is

valid, then there will be monotonic trend. The test statis-

tic is calculated counting the number of reverse arrange-

ments, M, among the TBF. Let, T1, T2,...,Tn be the

inter-arrival time of n failures. Then a reverse arrange-

ment occurs whenever Ti \ Tj for i \ j. In general

M=
Xn�1

i=1

Xn

j= i+1

I(Ti\Tj) ð1Þ

I(.) is an indicator variable used for counting the

reverse arrangements present in the data set. It takes

the value of 1 whenever the condition is met, in this

case, when (Ti\Tj). If the hypothesis of an RP is cor-

rect, then expected number of reverse arrangements is

almost equal to n(n2 1)/4. If this deviation is large,

trend is present in the data.

The Laplace test, a well-known method has a null

hypothesis of HPP versus an alternative hypothesis of

NHPP with monotonic intensity. In other words, if the

null hypothesis is not rejected, then we can assume that

time between failures is iid exponentially distributed. If

not, then a NHPP should be used. The test is optimal

for NHPP with log-linear intensity function. Lewis–

Robinson (LR) test is also used for testing of the RP

assumption.49 MH test is optimal for NHPP with

increasing power-law intensity (reliability deterioration

with Weibull intensity function). TTT-based statistic

for both the Laplace and MH test are also available for

the pooling of data from several systems.50 Another

test, known as the Anderson–Darling test,51 has been

found to be very powerful against non-monotonic

trends, but normally simpler graphical tests are able to

detect this situation. For this reason, it will not be

described here.

Reliability analysis of CNC turning center

In this section, the proposed framework is applied for

the reliability analysis of the CNC turning center. The

data are collected from three different working condi-

tions, that is, when machining material is steel, alumi-

num and cast iron. The partial failures are eliminated

during preventive maintenance schedules. Therefore,

binary state system analysis approach is selected for

reliability analysis instead of multi-state system analysis

approach. The data of 50 CNC turning centers over a

period of 7 years are collected. TTF data of a CNC

turning center CNCTC2 are given in Appendix 1.

Sufficient data are available for the analysis. Therefore,

it is decided to analyze the data using parametric

method as it is accurate and gives better reliability

characteristics.

Figure 4. Cumulative failure versus time plots (a: increasing, b: no trend, c: two clearly different periods).
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Data collection

Data collection is the basis for the reliability analysis.

The most critical task in reliability analysis is the collec-

tion of the field data accurately and systematically. The

required data for the analysis are extracted from the

history cards, maintenance and service reports pro-

duced by maintenance and service engineers. The

selected CNC turning centers were working under simi-

lar environmental and operating conditions. The data-

base includes the following information:

� Product name, model, size and code;
� Machine number;
� Failure date and time;
� Repair time;
� Downtime;
� Cost of spares and labor;
� Failure phenomenon;
� Description of failure cause;
� Other information about CNC turning center

failure.

Pareto chart analysis

Every failure of the CNC turning center is categorized

as MT, SS, ChS, TS, XZAS, HS, PS, CS, EES, CNCS,

LS, SC, TSS and OS based on the function sharing,

function independence and convention division princi-

ples. The objective of the Pareto analysis is to identify

weaker sub-systems of the CNC turning center. These

sub-systems are taken for further analysis. The failure

count of each sub-system is used for Pareto analysis

and is presented in Figure 5. It is observed that the

CNCS have the most failures followed by ChS, EES,

HS, MT, SS, XZAS and CS. The sum failures of the

first seven sub-systems accounted for 76.85%.

Furthermore, 17.62% of all failures are observed at the

CNCS and it is the most critical sub-system from relia-

bility perspective. It is also observed that OS, LS, SC

and TaS have few failures. It can also be seen that the

failures of electrical, electronic and control system

components (contribute 28.43% of total failures) are

more as compare to the components of other sub-

systems.

Trend testing

The first step in model selection is to verify the exis-

tence of trend or time dependency in the data. If there

is a clear trend in the TBF data, then non-stationary

models such as NHPP are used for reliability modeling.

Successive TTFs are plotted on timeline and prelimi-

nary analysis is carried for several CNC turning cen-

ters. Preliminary analysis shows that there is no trend

in the data. Furthermore, the result of preliminary

analysis is verified in this section using graphical as well

as analytical techniques.

Cumulative failures versus time. Figure 6 gives cumulative

failures versus time plot for a given data set of the

CNC turning center CNCTC2. It is seen that the linear

plot gives the least error as compare to non-linear plot.

When the plot is linear, it is concluded that there is no

trend present in the data and the RP is valid. For the

most of the CNC turning center data set, a renewal

assumption is valid.

Scatter plot of successive service life. Scatter plot of succes-

sive service life is presented in Figure 7. Only one cluster

of points is obtained for the given data set. Therefore, it

is verified that there is no trend in the data. There are

two data points, which are far away from the cluster of

points. These are the anomalies and revision of these

data points is required. From graphical tests (cumula-

tive failure vs time and scatter plot of successive service

life), it is concluded that there is no trend in the data

and RP is valid.

Mann test. The outcome of the graphical tests is verified

using analytical method. For this purpose, Mann test

has been used. Table 1 presents value of M for reverse

Figure 5. Pareto chart for CNC turning center.
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arrangements of failure points and value of M using

formula. The expected number of reverse arrangements

(M) is very close to the value of M obtained from

n(n2 1)/4 and therefore, there is no trend in the data.

From analytical and graphical test, it is clear that there

is no trend in the data and reliability analysis can be

carried out as a RP.

Best-fit distribution and reliability evaluation

Trend-free data are further analyzed to determine the

accurate characteristic of the failure time distributions

of the CNC turning center. Different types of statistical

distributions are examined and their parameters

are estimated using ReliaSoft’s Weibull++ 10 soft-

ware.16 The software fits several distribution models

based on the data, using a number of different meth-

ods. Weibull 3P distribution is the best-fit distribution

for CNCTC1 and CNCTC2 with aluminum as machin-

ing material and Weibull 2P distribution is better for

both CNCTC1 and CNCTC2 with steel and cast iron

as working material. The best-fit distribution results of

TBF data are presented in Table 2. The best-fit distri-

bution for CNCTC2 (aluminum) is observed to be

Figure 6. Cumulative failures versus time for a CNC turning center CNCTC2.

Figure 7. Scatter plot of successive service life plot.

Table 1. Comparison of value of M for reverse arrangements and using formula.

CNC turning center Reverse arrangements (M) M= n(n2 1)/4 Percentage deviation

1 2 (1–2)3 100/1
CNCTC2 142 126.5 10.92

CNC: computerized numerical control.
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exponential 2P. However, the location parameter of

exponential 2P is negative. The location parameter

gives the assured life of the system/component and

could not be negative. Therefore, Weibull 3P is taken

as best-fit distribution. Comparative results of reliabil-

ity versus time and unreliability versus time are pre-

sented in Figures 8 and 9, respectively.

Table 3 gives the summary of best-fit distribution of

sub-systems TBF data. The best-fit distribution for 12

sub-systems is estimated using K-S test. For MT,

Weibull 2P is considered as best-fit distribution

because the location parameter of Weibull 3P is

negative. CNCS, ChS, EES, CS, OS and PS follow

Weibull 3P distribution. Weibull 2P is the best-fit dis-

tribution for MT and HS. XZAS, SS and LS follow

log-normal distribution. Exponential 1P distribution is

best-fit distribution for TS. For repair data, Weibull

3P and log-normal distributions are found to be best-

fit distributions for most of the sub-systems. Best-fit

distributions of sub-systems TTR data using K-S test

is summarized in Table 4. LS and SS require consider-

able time for maintenance activities followed by TS,

CNCS, EES and ChS. These sub-systems are critical

from maintainability perspective. The results of

Table 2. Best-fit distribution for TBF data using K-S test.

Machine Exp. 1P Exp. 2P Log-normal Normal Weibull 2P Weibull 3P Best-fit distribution

CNCTC2 (aluminum) 0.2365 0.1284 0.6586 0.9999 0.3957 0.1387 Weibull 3P b= 0.95, u= 1206,
g= 2.355

CNCTC1 (aluminum) 0.9961 0.9999 0.9380 0.9999 0.0627 0.0338 Weibull 3P b= 0.84, u= 1248,
g= 15.66

CNCTC2 (steel) 0.9527 0.9992 0.8282 0.9999 0.0001 0.0007 Weibull 2P b= 0.86, u= 2100
CNCTC1 (steel) 0.8446 0.6057 0.9794 0.9999 0.0031 0.0033 Weibull 2P b= 0.91, u= 1956
CNCTC2 (cast iron) 0.9999 1.00 0.7348 0.9999 0.1921 0.2158 Weibull 2P b= 0.82, u= 2972
CNCTC1 (cast iron) 0.9387 0.9513 0.6994 0.9889 0.0016 0.0039 Weibull 2P b= 0.83, u= 2856
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Figure 8. Comparative reliability versus time curve.
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Figure 9. Comparative unreliability versus time curve.
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maintainability analysis are used optimizing system

downtime.

Reliable life at different reliability levels, reliability

at different times and MTBF for 12 sub-systems are

estimated and given in Table 5. CNCS, ChS, EES, HS,

MT, TS and XZAS are critical sub-systems from relia-

bility perspective. The results of reliability analysis are

used for deciding maintenance intervals of sub-systems

of CNC turning center based on the confidence level of

maintenance persons.

Conclusion

Reliability-based design should be an integral part of

design and maintenance management for the effective

utilization of product or system over its useful life. In

this article, a generalized framework for reliability data

analysis is proposed which discriminates between the

renewal approach to model TTF data and the use of a

non-stationary model such as NHPP. The suggested

framework is simple and can be used for the analysis of

the failure processes commonly found in industrial

operations. It can also be used for binary state systems

as well as multi-state systems. The proposed framework

is used for the analysis of CNC turning center and

found suitable for the analysis of failure and repair

data.

The scale parameter varies from 1200 to 1250 h for

aluminum and from 1955 to 2100 h for steel. Reliability

of model CNCTC1 is found to be less than CNCTC2.

Also, the failure rate of CNC turning center CNCTC1

is more. Weibull 3P is the best-fit distribution for alu-

minum whereas Weibull 2P is best-fit distribution for

steel and cast iron. Shape parameter varies from 0.83

Table 3. Best-fit distribution for TBF data for sub-systems of CNC turning center.

Sr. no. Sub-systems K-S test (goodness of fit) Best-fit distribution

Exp. 1P Exp. 2P Log-normal Normal Weibull 2P Weibull 3P

1 CNCS 9.95 9.56 76.11 99.88 1.45 0.79 Weibull 3P b= 1.02, u= 2079, g= 0.5
2 MT 29.61 86.38 46.47 98.54 2.99 2.07 Weibull 2P b= 0.88, u= 2158
3 XZAS 99.18 99.69 20.30 99.70 31.99 37.71 Log-normal m#= 7.086, s#= 1.346
4 HS 51.24 32.94 35.44 51.97 1.02 1.58 Weibull 2P b= 1.14, u= 2448
5 ChS 65.00 48.06 80.83 99.67 48.09 42.30 Weibull 3P b= 1.1, u= 2319, g= 19
6 SS 99.99 99.99 22.38 99.96 49.62 53.15 Log-normal m#= 7.039, s#= 1.55
7 EES 88.52 88.84 39.03 99.26 0.98 0.76 Weibull 3P b= 0.81, u= 1832, g= 2.2
8 CS 70.04 80.83 29.68 89.13 0.68 0.22 Weibull 3P b= 0.78, u= 1674, g= 8.2
9 TS 0.15 0.16 66.09 89.28 2.91 6.46 Exp. 1P MTTF= 1736
10 LS 95.49 67.61 3.22 97.53 33.52 26.42 Log-normal m#= 6.873, s#= 1.459
11 OS 53.10 28.30 0.01 22.36 0.13 0.00 Weibull 3P b= 0.55, u= 1948, g= 79
12 PS 52.45 34.06 6.91 71.31 2.12 1.53 Weibull 3Pb= 0.87, u= 2722, g= 1.1

K-S: Kolmogorov–Smirnov; CNCS: computerized numerical control system; MT: main transmission; XZAS: X- and Z-axis system; HS: hydraulic

system; ChS: chuck system; SS: spindle system; EES: electrical and electronic system; CS: coolant system; TS: turret system; LS: lubrication system;

OS: other system; PS: pneumatic system.

Table 4. Best-fit distribution for TTR data for sub-systems of CNC turning center.

Sr. no. Sub-
system

K-S test (goodness of fit) Best-fit distribution MTTR
(h)

Exp. 1P Exp. 2P Log-
normal

Normal Weibull
2P

Weibull
3P

1 CNCS 100 100 98.90 100 99.99 98.62 Weibull 3P b= 0.66, u= 8.84, g= 0.5 12.4
2 MT 99.99 99.99 98.56 99.99 99.98 99.17 Log-normal m#= 0.975, s#=0.859 3.8
3 XZAS 100 99.99 96.48 99.99 99.91 97.02 Log-normal m#= 2.30, s#= 1.567 34
4 HS 98.72 99.98 97.67 99.86 97.78 89.68 Weibull 3P b= 0.94, u= 3.22, g= 0.47 3.8
5 ChS 99.53 99.99 74.11 99.99 98.97 93.84 Log-normal m#= 1.563, s#=0.887 7.0
6 SS 99.99 99.99 65.85 99.99 58.02 19.37 Weibull 3P b= 0.71, u= 36.3, g= 0.45 46
7 EES 100 99.99 93.05 99.99 99.69 88.11 Weibull 3P b= 0.58, u= 6.4, g= 0.49 10.5
8 CS 99.67 94.95 45.51 99.20 90.24 81.54 Log-normal m#= 1.05, s#= 0.72 3.70
9 TS 99.99 99.99 35.46 99.99 66.59 29.42 Weibull 3P b= 0.60, u= 10.05, g= 0.9 16
10 LS 99.99 99.63 96.92 99.99 99.62 87.93 Weibull 3P b= 0.34, u= 15.7, g= 0.99 85
11 OS 97.89 88.27 92.32 99.05 97.42 90.02 Exp. 2PMTTF= 1.44, g= 0.90 2.3
12 PS 97.52 99.43 99.89 99.99 99.99 98.51 Weibull 3P b= 0.71, u= 1.22, g= 0.47 2

K-S: Kolmogorov–Smirnov; CNCS: computerized numerical control system; MT: main transmission; XZAS: X- and Z-axis system; HS: hydraulic

system; ChS: chuck system; SS: spindle system; EES: electrical and electronic system; CS: coolant system; TS: turret system; LS: lubrication system;

OS: other system; PS: pneumatic system; MTTR: mean-time-to-repair.
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to 0.94, which shows that there is a little variation in

shape parameter for different machining material and

the failure data show decreasing failure rate. CNCS,

ChS, EES, HS, MT, TS and XZAS are critical sub-

systems from reliability perspective. LS, SS, TS, CNCS,

EES and ChS are critical sub-systems from maintain-

ability perspective.
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Appendix 1

Table 1. TTF data for CNC turning center CNCTC2.

Failure no. Age at failure (h) Cumulative failures (h) Failure no. Age at failure (h) Cumulative failures (h)

1 1342 1342 13 2509 37,806
2 214 1556 14 335 38,141
3 329 1885 15 7601 45,742
4 1533 3418 16 3575 49,317
5 5680 9098 17 3335 52,652
6 11,542 20,640 18 501 53,153
7 1606 22,246 19 12,023 65,176
8 876 23,122 20 790 65,966
9 2971 26,093 21 1984 67,950
10 1121 27,214 22 2684 70,634
11 2638 29,852 23 1053 71,687
12 5445 35,297

Patil et al. 13


