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An effective operations of a projection spot welding (PSW) machine is closely related to the ef-
fectiveness of the maintenance. Timely maintenance can prevent failures and improve reliability
and maintainability of the machine. Therefore, establishing the maintenance frequency for the
welding machine is one of the most important tasks for plant engineers. In this regard, reliability
analysis of the welding machine can be used to establish preventive maintenance intervals (PMI)
and to identify the critical parts of the system. In this reliability and maintainability study, analysis
of the PSW machine was carried out. The failure and repair data for analysis were obtained from
automobile manufacturing company located in Uzbekistan. The machine was divided into three
main sub-systems: electrical, pneumatic and hydraulic. Different distributions functions for all sub-
systems was tested and their parameters tabulated. Based on estimated parameters of the analyzed
distributions, PMI for the PSW machines sub-systems at different reliability levels was calculated.
Finally, preventive measures for enhancing the reliability of the PSW machine sub-systems are

suggested.

© 2018 by the authors; licensee Growing Science, Canada

1. Introduction

For several decades, the PSW machine has been extensively used in the automobile industry for assem-
bling the bodies of modern cars. Projection welding is a welding process, in which metallic parts are
joined at one or several points at once. This process is used in the automotive industry to fasten brackets,
nuts and bolts to the metallic sheet. The modern car body contains up to 100 elements fastened by this
method. Projection welding like any spot welding process has a major problem, which is high variation
in quality of welding joints (Li et al., 2001). For the most cases, the quality of the welding joints depends
on the effective operation of the welding machine and its components (Kimchi & Phillips, 2017). In this
regard ensuring reliable and effective operation of the machine is essential in order to meet the established
welding quality requirements. The problem of maintaining effective operations of the equipment in the
automobile industry can be successfully solved by analyzing the reliability and maintainability of its
operations (Smith & Mobley, 2011). There are a number of techniques that have been successfully used
to analyze the reliability and the maintainability of the system. For example, Rahimdel (2013) performed
reliability and maintainability analysis of the pneumatic system of the rotary machine. This research
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confirms the importance of reliability analysis to ensure safe and reliable operation of the system. Adhi-
kary et al. (2012) carried out reliability and maintainability analysis of coal-fired thermal power plants
for enhancing reliability and availability of the system. Ahmad (2018) presented an application of
reliability based decision-making process for maintenance policy. Seyed et al. (2011) presented reliabil-
ity-based preventive maintenance analysis for an electrical sub-system of the drum shearer. On the basis
of the analysis, preventive maintenance programme for improving reliability and maintainability was
established. Tsarouhas and Fourlas (2015) carried out reliability and maintainability analysis of an
automated robotic system. The presented analysis identified critical elements of the robotic system and
determined PMI. One of the main objectives of these techniques is to increase the reliability and the
maintainability of the system through timely preventive maintenance activities. Preventive maintenance
is a type of maintenance that is directed to prevent or predict failure before complete breakdown of the
system (Aggarwal et al., 2017). The process of predicting (forecasting) preventive maintenance activities
determines the technical conditions of the system and its components by monitoring equipment failures
and repair modes for a certain period.

In this research, the reliability and the maintainability analysis based on statistical modeling techniques
is used to determine PMI for the PSW machine. To analyze the reliability and maintainability of welding
machine, data on failures and repairs were collected from an automobile assembling company located
in Uzbekistan. The time before failure (TBF), time to repair (TTR), failure frequency and failure causing
of all sub-systems of the PSW machine were obtained and classified. The critical sub-system that signif-
icantly affects the reliability of the machine is also identified. The best-fit distribution parameters for
failure and repair data were determined. Based on the fitted distribution and corresponding parameters,
intervals for a preventive maintenance are developed. Finally, preventive measures for enhancing the
reliability of the PSW machines sub-systems are suggested. The proposed method can be helpful for
plant engineering and maintenance staff to determine critical parts of the machine, to organize effective
maintenance strategy for the projection-welding machine and any other types of welding machines.

2. Projection spot welding machines structure

The structure of the PSW machine may vary widely depending on the design and welding operations in
which machine performs. However, regardless of these characteristics, any spot welding machine mainly
consists of the following sub-systems: Electrical system, Pneumatic System (for machines with pneu-

matic actuators ) and Water, cooling system (will be called hydraulic system). The electrical sub-system
of the machine is designed to provide heat in the weld zone.

Projection welding
machine

Electrical Pneumatic Hydraulic
system System System
Converter Transformer Rectifier Welding Filtering Air hoses Lubrication Pneumatic Water tubes & Water relays Water Filtering

controler system & valves system Cylinders hoses & valves Pump system

Fig. 1. The hierarchical structure of the PSW machine under study

It mainly consists of 4 elements, i.e. converter, single phase transformer, welding controller and rectifier
unit with capacitor banks. The electrodes and electrode holders are also part of the electrical system of
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the machine, but they are replaceable parts and have a much shorter useful life cycle, therefore, they will
not be considered in this research. The pneumatic sub-system is designed to supply compression force,
which allows electrodes to move to a given position during the welding of parts. The pneumatic sub-
system consists of air filtering system, pneumatic connections (air hoses and tubes), and lubrication sys-
tem and pressure cylinders. The hydraulic sub-system is designed to remove heat from current-carrying
parts of the machine. It consists of water connections (water tubes and hoses), water relays & valves, a
water pump and a water filtering system. Main components of described sub-systems are connected in
series, which means that the failure of any element of the sub-system highly affects the reliability of the
overall system and consequently weld quality. Fig. 1 illustrates the hierarchical decomposing of the PSW
machine into the main sub-systems and sub-systems components.

3. The failure rate of the projection spot welding machine

Burn-in period Wear out period

A(t)

Useful life period

T(0) T(1) T(2)

Fig. 2. Bathtub failure rate curve

The failure rate A or the hazard rate is the frequency of the component failure at the time ¢. It is expressed
as a number of failures per unit hour (Aggarwal et al., 2017). For most components of the PSW machine,
the dependence of the failure rate A at the time ¢ has the form of a U-shaped curve, in the reliability
engineering called “bathtub curve” Fig. 2. This curve consists of 3 parts:

e Bumn-in period (T, — T;) or “infant mortality” with a decreasing failure rate, where failures ap-
pear mainly due to manufacturing and installation defects.

o Useful life period (T; — T,) or “normal life”, where failure rate is a constant and has random,
instantaneous hazard form, primarily due to the inappropriate equipment exploitation, accidental
load changes and unfavorable external factors. This period begins immediately after Burn-in
period and ends before Wear out period.

e Wear out period, where the system or element has exhausted its resource so that the failure rate
in this period begins to increase.

4. Reliability

Reliability is the characteristic of a system expressed by the probability that a system/component can
perform a required function for which it was designed, in given conditions for a given period of time
(Waghmode & Patil, 2016). Mathematical definition of reliability is presented by

R(t)=1- ftf(t)dt, M
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where R(t) is the reliability function at time t and f(t) failure probability density function. For expo-
nential distribution reliability of the system is defined as

R(t) = e 27, 2)

where A is a failure rate and y location parameter. The exponential distribution applied when failure rate
is constant and often used to analyses reliability of the system or component during normal life period,
also known as “useful life” in “Bathtub curve” Fig. 2. For Weibull distribution reliability of the system
is defined as (Garg, 2014).

R(t) = exp [_(é)l?] , (3)

where £ is a shape parameter and 6 is the scale parameter. The Weibull distribution is flexible and its
shape parameter  has properties to describe any conditions of failure (Puertollano et al., 2015). A pa-
rameter < 1 signifies a decreasing failure rate, and 3 > 1 signifies an increasing failure rate. When
parameter 3 = 1 the failure rate is constant and Weibull distribution is coincide with exponential distri-
bution (Tsarouhas & Fourlas, 2015). For Gamma distribution reliability of the system defined as

AB¢(B-1)
R(t) =
(®) 1(B)

where A failure rate of the system/component, § shape parameter. The gamma distribution best describes
the distribution of the independent random variables. For log-normal distribution reliability of the sys-
tem is defined as

1 tq (Ln(t) — p)? &)
R(t) = \/%JO ?exp <T> dt,

where o is a standard deviation and p is a mean. Lognormal distribution is often used to describe the
failure of the system caused by fatigue of the elements.

exp(—At), 4)

5. Maintainability

Maintainability is the characteristic of the system expressed by the probability that maintenance of the
system/component will be performed within a given period of time (Barringer, 1997). Qualitatively main-
tainability is defined as the ability of the system/component to be restored to an operational state. Quan-
titatively it has probabilities and is measured based on the total downtime for maintenance as

t
M) = f o,
0

where M (t) is the maintainability function at time t and f (t) repair probability density function.

(6)

6. Failure data collection

The main source of information for calculating reliability and maintainability indices is the statistical
data on the failures and repairs of all elements of the machine. In this study for analyzing the reliability
and the maintainability of the PSW machine, data of a period of 12 months was collected from the
automobile assembly plant, located in Uzbekistan. The company is specialized in manufacturing of
welding and stamp details for the body of the car. The plant is equipped with modern press and welding
equipment and has a strict quality control system based on standards ISO 16949 and QSB (quality sys-
tems basics). Under the requirements of these standards, the company pays special attention to
maintaining maintenance documentation. The failure data for statistical analysis were obtained from the
analysis of operational information of the machine, that was recorded in the maintenance activity sheet
illustrated in Table 1. The maintenance staff is responsible for keeping records of failures. The records
depict the exact date of the failure, time to repair, type of failed component and written notice from the
operator for waiting time for maintenance team. Finally, the TBF and TTR of the electric, pneumatic and
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hydraulic sub-systems were calculated and classified. The TBF of the system was defined as the time
elapses, from the moment the equipment start operating after a failure until the moment it goes down
again and stops operation due to the new failure. TTR is defined as the time that elapses from the moment
the equipment stops functioning until the moment it starts operating again (Khoshalan et al., 2015). One
of the main problem in data collection was classifying and calculating values of TBF and TTR from the
maintenance sheet. Some type of equipment’s stoppage for maintenance where caused by the fault of the
operator. In an attempt to improve weldability of the items, operators changed the machines welding
setup. This unauthorized interference in the operation of the machine can affect the weld quality out-
comes, which can be identified only by quality control inspection or after testing the weld items. In this
case, the machine is stopped for reconfiguration of welding parameters and full inspection. This type of
machine stoppage is classified as “human-related” failures and calculated for failure frequency analysis
in the next section but not included in reliability analysis of the PSW machine in this research.

Table 1
The format of data recording sheet

Type of the
Machine Components Failure Type maintenance Waiting time for
number performed the repair service
Start time  End time
14 9:35 9:45 Hose connection Damage Replacement 5 min

7. Failure data analysis

An analysis of data on failures and repairs of the PSW machines sub-systems consists of several steps.
The first step is an analysis of failures frequency of the PSW machines sub-systems and their elements.
Failure frequency analysis allows to identify critical sub-system of the machine and understand the im-
pact of critical sub-systems on machine reliability. The failure frequency of the PSW machines sub-
systems was analyzed by using Pareto chart. The result of the analysis is shown in Fig. 2. According to
the figure, the hydraulic sub-system has the most frequent failure occurrences of 39%. The second fre-
quent failure in the pneumatic sub-system is 35%. The electric sub-system has 20% of all failures. The
last frequent failure occurrence caused by the fault of the operators is 6% of all the failures.

50

40
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20
I 6
0 .

Hydralic Pneumatic Electric Human

Frequency
N w
o o

=
o

Fig. 2 Pareto analysis of Projection Spot Welding Machine

7.1 Trend and serial correlation

The reliability and the maintainability analysis are usually based on the assumption that TBF and TTR
data are independent and identically distributed (iid) in the time domain (Adhikary et al., 2012). The
failure and repair data iid means that there are no trends in the data sample and no relationship among
the failure mechanism. Therefore, next step of data analysis is to test the hypothesis that the data under
analysis is iid. Thus, the null-hypothesis H,: No-trend in data and the alternative hypothesis H;: trend
in data is considered. If the hypothesis of iid for the TBF and TTR is true, then data should be modeled
using renewal process (RP). RP method is used to model repairable systems, which means repair will
restore the system to “as good as new” condition. If the assumption that the data iid is not true, then
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nonhomogeneous Poisson process (NHPP) should be applied to model the data. NHPP method is applied
to analyze non-repairable systems with the “as bad as old” restoration (G6lbAs1 & Demirel, 2017). The
data iid assumption can be verified by using trend test and serial correlation test (Hadi H. 2012). Trend
test can be done analytically and graphically. Analytical method can be performed using the method
suggested in the military hand book-189 (Amsc & Sess, 2011)
n-1
Tn
U=2 ' In T,
i=1

where n is total number of failures, T}, is time of the nth failure and T; time of the i-th failure. Under the
null hypothesis that data has no trends , the test statistic U is Chi squared distributed with a 2(n - 1) degree
of freedom. If calculated test statistic U located between lower confidence level x3s and upper confi-
dence level x34c that indicates the data has no trends (Khoshalan et al., 2015) A test for serial corre-
lation can be performed graphically by plotting the i*"* TBF against the (i — 1?*) TBF fori = 1,2 ...n,
where n is a total number of failures. If TBF and TTR data are independent, then the points should be
scattered randomly on the diagram without indication any pattern (Aggarwal et al., 2017). The validation
of the trend for TBF and TTR data has been examined and the results are presented in Table 2. The results
show that there is no trend in TBF and TTR data. The results of the test for serial correlation for the PSW
machine sub-systems TBF and TTR data are given in Fig 4. It is observed that data points are randomly
scattered, which indicates that there is no significant correlation in TBF and TTR data for all sub-systems
of the machine. Based on the results of the tests, the assumption that the data iid is valid for all sub-
systems, thus the null-hypothesis is accepted and RP model is used for the reliability and the maintaina-
bility analysis.

Table 2
The computed value of the test statistic U for TBF and TTR data
Number of Degree of Calculated Lower Upper
Subsystem Variable failures freedom statistics U confidence level  confidence level
Electrical TBF 63 124 142 99 170
TTR 124 109 99 170
Pneumatic TBF 109 216 223 182 251
TTR 216 204 182 251
Hydraulic TBF 123 244 235 208 281
TTR 244 272 208 281

The next step of the analysis is identification of the best-fit distribution for TBF and TTR data set of the
electrical, pneumatic and hydraulic sub-systems. The identification of the correct distribution that accu-
rately fits failures and repairs data is very important in reliability and maintainability analysis. If the
sample data is analyzed with wrong distribution function, this can lead to substantially different results.
Many computer reliability software contains tools for analyzing best-fitted distribution. Based on the
estimated parameters of the analyzed, the distributions of the reliability and the maintainability of the
PSW machine can be calculated. The results of the analysis can be represented graphically plotting the
estimated parameters of failures/repairs (A/p) over operational time t. This graph is a simple visual rep-
resentation of change in the failure flow, allowing based on the curved shape to determine the lifetime of
an element and failure characteristics of the system. This also can be done with the help of reliability
software. In this research to analyze the best-fitted distribution, Easy Fit 5.4 reliability software has been
used. The Kolmogorov-Smirnov (K-S) nonparametric test has been applied to estimate the statistical
values and parameters of the fitted distributions. In Table 3, different distribution functions (Gamma,
Log-normal, Exponential, Weibull) for all sub-systems have been tested. Statistical results of failures
indicate that in the operational time the elements of the PSW machines electrical and pneumatic sub-
systems follow a Weibull distribution with shape parameter B>1, which is correspondent to “wear out”
period in “Bathtub Curve” Fig. 2. The failure behavior of hydraulic sub-systems elements follows the
exponential distribution with failure rate A=0.0612, which correspondent to “useful life” (T; — T,) period
in “Bathtub Curve”.
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Fig. 4. Results of serial correlation test for TBF and TTR data
Table 3
The results of best-fit distributions for TBF data set
Sub-system Gamma Log-normal Exponential  Weibull Best-fit Parameters
Electrical 0.0816 0.0924 0.2200 0.0754 Weibull a=1.72 p=83.58
Pneumatic 0.1177 0.0963 0.1084 0.0861 Weibull a=1.044 =22.58
Hydraulic 0.1041 0.0859 0.0784 0.1065  Exponential 2=0.061
Table 4
The results of best-fit distributions for TTR data set
Sub-system Gamma Log-normal Exponential Weibull Best-fit Parameters
Electrical 0.13729 0.1302 0.1628 0.1019 Weibull a=1.443=3.16
Pneumatic 0.10396 0.1605 0.1534 0.1050 Gamma a=1.38 §=0.88
Hydraulic 0.1331 0.1482 0.1821 0.1889 Gamma a=1.53 $=0.43
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In Table 4 the best-fit distributions of TTR data for all subsystems is shown. According to the table

pneumatic and hydraulic sub-systems follow Gamma distribution with parameters a =1.3825, 3 =0.8882
and a. =1.5376, B =0.4334, respectively.
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Fig. S Reliability and maintainability plots of the PSW machines sub-systems.

Electrical sub-system follows Weibull distribution with parameters o =1.4499 and 3 =3.1683. The R(t)
and M(t) of welding machines sub-systems were calculated using the best—fit distribution parameters and
Egs. (2-4) for Exponential, Weibull and Gamma distributions. The graphical representation of the anal-
ysis is illustrated in Fig. 5. From the Fig. 5(a) it is observed that the probability of the electric subsystem
failure-free operation in 20 hours is 91%, which indicates that electric sub-system has the highest relia-
bility level among other sub-systems. However, maintainability plot Fig. 5(b) for electric sub-system
shows that there is only 35% probability that failure in the system will be repaired in 2 hours. It is also
observed in Fig. 5(c) that the probability of the pneumatic sub-system reached 75% after 20 hours’ op-
eration, without performing maintenance action after 60 hours’ reliability will reach 30%. The maintain-
ability plot Fig. 5(d) of pneumatic sub-system shows that there is a 90% chance that any failure in the
system will be repaired within 2 hours of the maintenance operation. The lowest reliable sub-system of
the PSW according to Fig. 5(e) is hydraulic sub-system. The reliability of hydraulic sub-system reached
35% within 20 hours of operation and maintainability 95% within 2 hours of the maintenance operation.
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8. Maintenance scheduling

In order to maintain the high-reliability level of the machine during the operational phase, it is necessary
to carry out periodic preventive maintenance (Tomasevicz, 2006). Over the course of the analysis, it was
determined that the company is carrying out scheduled repairs with a periodicity set by the manufacturer
of the equipment, which does not take into consideration all the factors that are encountered during the
exploitation of the equipment. The highest efficiency of the maintenance can be achieved in the case
when the frequency of the maintenance is consistent with the technical condition of the equipment and
operating modes (Kobbacy & Murthy, 2008). As can be seen from the above analysis, the reliability and
maintainability analysis is a very good tool to predict the failure of the system or component. The same
approach can be used to schedule PMI. By using reliability plots Fig. 5, PMI of the PSW machines sub-
systems for the different reliability levels are calculated and presented in Table 5. In order to estimate
the PMLI, the criticality of the PSW machines failures in the automobile industry is taken into account and
90% level of the reliability is suggested. From Table 5, to achieve 90% reliability for an electric sub-
system of welding machines, the preventive inspection must be performed after every 40 hours’ opera-
tions. For pneumatic sub-system, 90% reliability can be achieved if inspections are carried out after 17h
or almost after 3 shift operations. The interval for the hydraulic system is 8h or after 1 shift operation.

Table 5§

Reliability-based PMI for PWM sub-systems.
Level of reliability (%) 90 80 70
Electric sub-system  (h) 40 50 65
Pneumatic sub-system (h) 17 22 26
Hydraulic sub-system (h) 8 14 18

9. Discussion and Conclusion

This paper has presented the reliability and the maintainability analysis using a statistical modeling
technique to analyze the reliability characteristics of a projection welding machines electrical, pneumatic
and hydraulic sub-systems. This approach was then used to schedule PMI. The reliability analysis has
shown that the hydraulic system was the most critical sub-system of the machine. The probability of the
system failure-free operation in 20 hours was 35%. The failure behavior of the hydraulic sub-system
followed an exponential distribution which is correspondent to the “useful life” period, where failures
had random and instantaneous hazard form. The failures like hose rupture, water pump seals, clogging
of filters, pipes, and tubes with dirt and scum. These failures led to a reduction of distribution cooling
water to the current carrying parts of the machine. Current carrying parts of the machine needed an ade-
quate flow of water with a minimum water flow 7-10 L/min and pressure kPa 250. For the hydraulic
system, PMI should include: daily monitoring of cooling rate and pressure level of the water, checking
hydraulic connections and systematical replacement the water filter. The hydraulic system is an important
factor that ensures the reliable and effective operation of the PSW machine, therefore preventive mainte-
nance inspection should pay special attention to this sub-system. The most reliable sub-system of the
machine based on reliability analysis was an electrical system. The probability of sub-system failure-free
operation in 20 hours was 91%. The main causes of failures for the electrical part of the machine was
oxidation of electrical connection and over-voltage, which may result in a systems overheating. Main-
tainability analysis of the electrical system has shown that there was only 35% probability that failure in
the system could be repaired in 2 hours. Low maintainability level of the system can be explained by the
fact that the failure of an electrical part like welding transformers, requires considerable time for repair.
For the electric system, PMI should include: disassembling secondary electrical connections for cleaning
and buffing, checking the operation of the control unit, cleaning electrical parts from dust, dirt, and slags.
The analysis of failure frequency has shown that 25% of all failures are from pneumatic sub-system. The
main causes of failures in pneumatic sub-system are leakage of compressed air (due to damage of pipes
and hoses) and the clogging of filters, pipes and hoses. Preventive maintenance should include: monitor-
ing the oil level in lubrication system, timely replacing air and oil filters, checking air connections, check-
ing cylinders and piston rods. Maintenance authorities and plant managers can analyze the reliability
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parameters of welding machine and define maintenance policy for welding machines by using above
presented approach.
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