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USE OF SHEWHART CONTROL CHARTS TO ENSURE PRODUCT
QUALITY AND OPTIMIZE THE MAINTENANCE SCHEDULE FOR CNC
METAL-CUTTING MACHINES. CASE STUDIES

Purpose. On the example of a CNC machine DAEWOO PUMA 600M, using statistical methods of quality manage-
ment, in particular, Shewhart charts, a scheme for maintenance and repair of machine tools in order to reduce operating
costs was work out.

Research methods. For the case under study, from each batch of 30 Wheel units, the quality control department
monitored the deviation from the nominal value of the most critical accuracy parameter, the mounting diameter for the
rolling bearing outer ring, for five random products. A total of 60 such samples were taken. The mounting surface diam-
eter was monitored using three-point precision intalometer. Thus, for a total sample of 300 units, Shewhart control charts
for the center and range positions were built and statistical analysis was performed the purpose of which is to identify
special trends. In addition, the errors correction log entries were analysed in a similar way to determine whether a
positioning error was present.

Results. It has been shown that the use of Shewhart’s control charts allows assessing the actual state of the machine
tool equipment. Based on this fact, a model of maintenance and repair of CNC machines using statistical data analysis
is proposed. The application of the proposed model to the entire maintenance and repair cycle can significantly extend
the inter-repair period for CNC machines. The number of repair activities was reduced by 35-50 %. At the same time,
the cyclicity of operations provided by the manufacturer's technological routine for this type of machine tool remains
unchanged, the equipment utilisation rate increases, and it is possible to reduce the required number of repair service
personnel.

Scientific novelty. The relationship between the results of the cutting process, which are determined by Shewhart's
control chart, and the state of equipment is established to formulate maintenance and repair measures.

Practical value. The proposed scheme for organizing the maintenance and repair of CNC machines based on sta-
tistical analysis using Shewhart charts provides a significant reduction in the cost for their operation.

Key words: range, control limits, special trend, variation, distribution, process capability index, actual state of
equipment, inter-maintenance period.

Introduction ha§ the grgatest impact on the qual_ity of the products ma-

N ] _ chined on it. Based on this, the maintenance and forecast-

~ The condition of metal-cutting equipment, as shown  jng of the serviceable condition of equipment and other el-
in the works of Kusyi et al. [1] and Usubamatov et al. [2],  ements of the production system, according to Lee et al. [3]
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has a direct impact on its productivity and other economic
aspects. In today’s economy, due to the development of In-
dustry 4.0 technologies, industrial companies need ap-
proaches that will be able to predict the behavior of equip-
ment and prevent the occurrence of emergencies through
its maintenance.

Carrying out a set of works on maintenance and repair
of machines (MR) is always associated with the need to
stop the equipment, i.e., its exclusion from the production
cycle. There are three main strategies for managing mainte-
nance and repair [4]:

- Scheduled preventive maintenance (SPM);
- maintenance according to actual condition (MAC);
- event-driven repair/maintenance (EDRM).

The consequences of choosing one or the other ap-
proach, associated with an increase in the inter-mainte-
nance period, will range from cost overruns for MR to sud-
den failures of critical elements of metal cutting equipment
with damage to the workpiece at that moment. Both ex-
treme approaches are costly for the budget and the compa-
ny's image. Therefore, according to Guler et al. [5], there
is a desire for companies to combine the benefits of all ma-
jor MR strategies by using combined maintenance (CM),
aimed at both reducing the overall amount of maintenance
and maximizing equipment life and reducing the costs as-
sociated with increased inter-repair periods and reduced
frequency of event-based repair/maintenance.

Analysis of research and publications

Modern systems of maintenance and repair of indus-
trial equipment have been developing for a long time and
have gone through a number of evolutionary stages [6]. At
the beginning of the industrial era, equipment maintenance
and repair were mainly performed by production managers
or experienced workers without formalized systems. The
lack of standardization and organization led to irregular
maintenance and long downtimes.

In the 1950s and 1960s, with the development of tech-
nology and automation, the concept of predictive mainte-
nance emerged. It involved regular preventive maintenance
and inspections of equipment to prevent breakdowns and
reduce the likelihood of failures.

In the 1970s and 1980s, computer systems for mainte-
nance planning and control began to be actively used,
which marked the beginning of programmatic maintenance
and diagnostics. Programs allowed creating work sched-
ules, monitoring equipment status, and providing data for
diagnosing breakdowns. The introduction of electronics
and sensors allowed for automatic monitoring of mainte-
nance [7].

The concept of Total Productive Maintenance (TPM)
originated in Japan in the late 1980s [8]. It involves the
broad involvement of personnel at all levels in the mainte-
nance and support of equipment, and emphasizes proactive
maintenance and breakdown prevention.

With the development of technology in the context of
Industry 4.0, industrial equipment maintenance and repair
systems are becoming increasingly automated [7]. Sensors

and transducers monitor the condition of equipment in real
time, and the data is transferred to cloud systems for anal-
ysis and decision-making. This makes it possible to predict
breakdowns, plan maintenance and repairs based on actual
data, which is one of the principles of ISO 9000 [9] quality
management. Adherence to these principles can signifi-
cantly increase the efficiency of industrial equipment oper-
ation.

Modern industrial maintenance and repair systems
continue to evolve and integrate new technologies such as
artificial intelligence, data analytics, and autonomous sys-
tems [7, 8, 10, 11]. The entire range of equipment mainte-
nance and repair operations can be divided into two groups:

1. SPM, mainly related to the prevention of failures
and damage;

2. work to identify and eliminate defects that caused
failures and damage.

In practice, there may be different ratios between
these groups of works, depending on the adopted optimi-
zation criterion and the chosen strategy of maintenance and
repair. The cost of maintaining equipment in working con-
dition in the cost of production reaches 6—20 %, so the main
requirement for the operation process is to ensure the high-
est probability of maintaining the performance of the func-
tional system (equipment, unit, assembly unit) within a cer-
tain period of time at limited costs [12, 13]. This approach
is realized through the use of combined maintenance (CM).

The concept of such maintenance is that different
technologies are used at each time horizon of MR planning:
SPM or MAC. For example, on the long-term planning
horizon, the indicators of the SPM are taken as a basis. On
the operational planning horizons, the MAC is used, while
the MR indicators are determined based on the statistical
analysis of equipment condition measurement data, on the
basis of which a financial reserve is formed [14]. In accord-
ance with the CM, as the planning horizon is shortened, the
planned MR indicators are consistently refined. The basis
for such refinement is data on the actual condition of the
equipment, its technological conditions, as well as the im-
plementation of MR plans in previous periods.

The use of the CM allows to increase the equipment
utilization rate without a significant increase in costs, helps
to plan the corporate budget more correctly and should be
based on the use of actual data in accordance with the prin-
ciples of quality management set forth in 1SO 9000 [9].
One of such means of collecting and analysing information
is Shewhart control charts (SCC). As demonstrated by Ma-
lindzakova et al. [15], under conditions of stable and re-
peatable production, the above are an effective means of
providing information on the variability and reliability of
the production process that is the object of monitoring.
They identify random variations and violations of control
limits of quality indicators.

The data for analysing the system functioning can be
both sensor data that are part of the equipment and data
obtained during measurements of the equipment techno-
logical state or measurements of product parameters [16,
17].
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The use of systems for data, obtained from various
sources, analysis and the application of statistical methods
for processing these data allow creating a subsystem with
which to obtain control markers of mechanism state. The
basis of such a subsystem, can be the above-mentioned
SCC or process behaviour charts. A control chart is a spe-
cial type of time diagram that enables to identify the points
of the process that leave the steady state due to natural var-
iability, for further determination of the causes of deviation
and its elimination, determination of the process capabili-
ties (controllability), identification of fluctuation points
and process quality forecasting [18]. The use of charts as-
sumes that the controlled characteristic obeys the normal
Gaussian distribution. Deviations from the normal distri-
bution indicate the presence of a powerful factor that de-
termines the actual shape of the distribution, which is a sep-
arate subject of analysis [19, 20, 21]. A detailed technology
of analysis using the SCC is contained in 1SO 7870-2:2023
[22].

Objective of the study

On the example of a CNC machine DAEWOO
PUMA 600M, using statistical methods of quality manage-
ment, in particular, Shewhart control charts: identify the
sources and methods of data collection; determine the ex-
istence of a correlation between deviations from the nomi-
nal of the machined part critical dimension, the positioning
error of the machine tool and its physical condition for the
integration of combined maintenance technology; to work
out a rational scheme for machine tool maintenance and re-
pair, based on its actual state, in order to reduce operating
costs.

Research material and methods

The PUMA 600M model CNC machine, defined as
the object of study, produced the identical product — the
“Wheel” item throughout the entire research cycle (see
Fig. 1).

Figure 1. Object of the study — Daewoo PUMA 600M CNC ma-
chine

During the study, using three-point precision intalometer
with the dimensional resolution of 0.001 mm., the devia-
tion from the nominal value of the most critical accuracy

parameter of the “Wheel” item - the mounting diameter of
the outer ring of the rolling bearing 8230M7(.0.045) - Was
monitored (see Fig. 2). The material to be machined is
42CrMo4 steel of hardness HRC 45-55.
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Figure 2. The “Wheel” item drawing

The following methods can be used to obtain accu-
racy data for the PUMA 600M metal cutting machine:

1. Geometric analysis.

2. Measurement of positioning error.

3. Monitoring of dynamic characteristics.
4, Statistical analysis.

For the selected type of equipment, a combination of
methods 1, 2 and 4 is most suitable, which best meets the
production requirements and goals of assessing the accu-
racy of the machine, taking into account the available re-
sources, the type of measurements and their accuracy that
must be achieved to complete the task. The data for analy-
sis includes the results of the controlled dimension meas-
urements from samples that are randomly taken by the
quality control department on a daily basis (geometric anal-
ysis), as well as errors correction log entries, which indi-
rectly indicate the physical condition of the machine in the
context of positioning error.

For the case under study, the quality control depart-
ment monitored the parameters of n = 5 random products
from each 30-unit batch, and m = 60 such subgroups were
taken. Thus, the total sample size is N = 300 products.

The dynamics of machine condition monitoring is set
by the required data collection period, which is determined
based on the technical characteristics of the machine and
its operating mode. Based on the requirements of the oper-
ational documentation, for the purpose of this study, data
were collected during 1120 hours of machine operation.
Thus, the time for processing one group is about 18.65
hours. At the same period a total of 20 correction activities
were made based on the machining of test parts from the
results of three measurements.

According to the recommendations of ISO 7870-
2:2023 [22], SCC for the centre position and for the range
were selected. The lower (LCL) and upper (UCL) limits of
the centre position are determined from equations (1) and
(2) respectively:

LCL = X — A,R, 1)

UCL =X + A;R. )
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Here, X is the average value determined from m subgroups
of n elements each according to Equation (3); R is the av-
erage range of groups determined by Equation (4).

= 1

X = —i%1 Yje1 Xy 3)
Where X;; — measurement results; i - subgroup number; j -
product (measurement) number in the subgroup.

R =~y (Xjpex — xpim), @)

Here, X**and X" are the maximum and minimum
measurement results in subgroup k, respectively.

The lower and upper limits of the range are deter-
mined by equations (5) and (6), respectively:

Ryc, = D3R, ®)
Ryc, = D4R. (6)

The coefficients in equations (1), (2) and (5), (6) for
the subgroup of volume n = 5 according to [22] are equal
to A, =0.577,D3 =0,D, = 2.114 and for the sub-
group of volume n = 3 (error correction) - A, = 1.023, D3
=0, Ds=2574.

It should be noted that the magnitude of R reveals an
undesirable variation within the group, and the mean X re-
flects the stability of the process as a whole, including var-
iations between groups.

For the purposes of this study, the conformity of the
obtained samples' distribution to the normal distribution
law was checked using the Kolmogorov-Smirnov type cri-
terion, taking into account the sample estimation of the the-
oretical distribution parameters [23]. This criterion is
stronger than the traditional one. The verification is carried
out on the basis of the inequality (7):

VN - sup(|F(t) — F(t)]) < C(@). (7)

Where F(t;) and F(t;) - accordingly, the values of the
theoretical and empirical integral distribution function;
C(q) - critical value of the criterion for confidence proba-
bility g.

Forq=0.95-C(q) = 0.895

Research results

According to the existing regulations at the enter-
prise, every 350 hours of machine operating time, technical
inspection (T1) is carried out to control the main parameters
of the machine's units: vibration control, geometric param-
eters control, technological accuracy control, thermal im-
aging control, and output quality control. The complex of
maintenance activities takes 1 shift and costs 12 man-
hours. No adjustment or repair operations are performed
during the maintenance.

Once every 3 years, based on the results of the TI,
medium repairs are carried out with the replacement of
parts with an expired service life. The machine is over-
hauled once every 10 years. The full repair cycle takes
10,000 hours.

To develop an optimal MR strategy, along with the
performance of work according to the schedule, deviations
of critical dimension were monitored and the data obtained
were used to build control charts of mean absolute devia-
tions (X-chart) as well as that of a range (R-chart), shown
in Fig. 3. Control charts demonstrate whether the produc-
tion process is stable. To control the variability of the ma-
chine state by the key parameters according to 1SO 7870-
2:2023 [22], it is proposed to use the criteria for identifying
special trends of parameters.
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Figure 3. Shewhart control charts of Means and Ranges for
“Wheel” item mounting diameter measurements

The SCC of the correction Means and Ranges, based
on the error correction log entries, are shown in Fig. 4. The
distribution of mean error corrections conforms to the nor-
mal distribution law.
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Figure 4. Shewhart control charts of Means and Ranges for er-
ror corrections

Additional geometric analysis tools that can also be
performed as data is accumulated are the analysis of the
controlled dimension deviation distribution and the analy-
sis by the process capability index (PCI) - C, calculated by
the Eq. (8)

UAL-LAL

c, =2 ®)
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Where UAL and LAL are the upper and lower allowable
limits of the controlled parameter, respectively; S is the
standard deviation of the controlled dimension.

Fig. 5a shows the histogram of the controlled diameter
deviation distribution, which corresponds to a normal one.
Fig. 5b shows the location of the same histogram relative
to the tolerance field. For the process under study, the cal-
culated value of PCI is Cp = 83.5.
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Figure 5. llustration for the PCI analysis:
a — distribution of the controlled diameter; b — distribution of the
controlled diameter relatively tolerance field

Discussions

Based on the data analysis, the process was stable
during the entire observation period, no special trends such
us: the data of 6 consecutive samples are increasing or de-
creasing, 9 samples on the same side of the center, 14 sam-
ples alternating up and down etc. [22] were observed.
Based on the results shown in Fig. 4, all the data are within
control limits and there are no special trends for the error
corrections as well. In combination with the subjection of
the corrections to the normal distribution law, it is very
likely that positioning error is the subject to exclusively
random variations and there are no significant changes in

the physical state of the machine tool. The same has been
confirmed during scheduled technical inspections.

Thus, there were no fixed deviations in the state of the
machine as well as error signals that would indicate that the
correction system cannot compensate positioning errors
and that repair compensation measures are necessary,
which are correlated with the data obtained from the
Shewhart charts. Three periodic single outliers of ranges
beyond the control limits, observed in Fig. 3, are correlated
with the time of technical inspection. Excluding these out-
liers from the analysed data set results in a pattern where
the rest of the data are within the control limits (Fig. 6).
This indicates the statistical controllability of the process
[22].
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Figure 6. lllustration of the process statistical controllability

The above analysis of the SCC is complemented by
that of the deviation distribution, which corresponds to the
normal one, indicating that there is no single powerful fac-
tor that has a decisive influence on the process results [21].
The calculated value of the PCI - C, >» 10 indicates that
there is no risk of defects and the control process can be
simplified. Based on the location of the distribution centre
shown in Fig. 5b, an adjustment was made to reduce the
hole diameter by 0.012 mm, bringing the average deviation
to the middle of the tolerance field.

Based on statistical analysis of the SCC data and the
machine positioning error log data at the beginning of the
shift and taking into account the fact that no adjustment or
repair work is carried out during TI, it is possible to extend
the time between inspections by reducing their quantity and
performing them when the process begins to acquire char-
acteristics that indicate a possible loss of stability. Skipping
the scheduled TI will not cause the machine to lose its op-
erability and will slightly increase the likelihood of failure.

At the same time, the cycle of operations provided un-
der the manufacturer's technological regulations for this
type of machine tool, will remain unchanged, and the
equipment utilisation rate will increase, which will also re-
duce the number of repair service personnel. The organisa-
tion of this control process requires minimal investment.
Data analysis is performed using software that is available
at the enterprise and is already used for other processes.
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Based on the results obtained, the production adopted
a scheme for organising the repair service of machine tool
equipment, shown in Fig. 7. The choice of repair measures
is based on the results of statistical process control using
the SCC and the corresponding assessment of the equip-

ment condition.
Performing activities on |
MR

Formation of MR activities

-

Selection of a MR activities

-

Decision-making on the carrying out of
MR activities

Assessment of the

equipment's actual state ‘ Process control

Figure 7. MR model based on the prediction of machine tool
performance using Shewhart charts

Conclusions

The monitored characteristics follow a normal Gauss-
ian distribution and it is reasonable to use these data to con-
struct X- and R- Shewhart charts.

The geometric control of the critical dimension and
the error correction log data, reflecting the machine posi-
tioning error, proposed as a source of data for constructing
X- and R- charts, allows monitoring the process state and
correlates with the state of the machine.

The frequency of maintenance and repair activities,
specified in accordance with the operational regulations
does not comply with the actual condition of the machine.

Determining the timing of maintenance operations
based on the analysis of statistical data using X- and R-
Shewhart charts will not lead to a significant decrease in
equipment reliability.

The parallel analysis of the critical size deviation dis-
tribution along with the process capability index analysis
adequately evaluate the need to reduce or enforce control
measures to ensure compliance with the selected quality
indicators.

The application of data and software used in parallel
production processes does not require significant addi-
tional investments when implementing and using the pro-
posed MRO system.

In the subsequent operation of CNC machines using
the developed MR model for assessing the actual state of
the equipment, the number of repair and maintenance ac-
tivities was reduced by 35-50 %.

With the accumulation of practical expertise, it is pos-
sible to transfer the proposed principles of work to other
operations of the repair cycle and to other machines, ex-
cluding the mandatory operations specified by the manu-
facturer for this type of machine.
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Memoou oocnidxncenns. [[ist 00Caioxncysanoeo unaoky 3 KodcHoi napmii eupobie «Konecoy» ¢ 30 00. onsa n’smu
BUNAOKOBUX 8UPODIE BIOOLIOM KOHMPOIIO AKOCTI NPOBOOUBCSL KOHMPOIIb GIOXUNEHHSL 610 HOMIHALY HAUOIIbW KDUMUYHOZ0
napamempy mouHocmi — HOCa0K08020 diamempy 308HIUHb020 KilbYs NIOWUNHUKA KoYeHHs. Bcvozo 6yno e3amo 60 ma-
Kux eubipox. [iamemp nocadkogozo omeopy KOHMpOII0EAECs 3a OONOMO2010 NPEYUIIUHO20 MPUMOUKO8020 HYMPOMIPA.
Taxum wurom 0ns 3azanvroi eubipku ¢ 300 odunuys 6ydysanucs konmpoawvri kapmu Lllyxapma 0ns nonosicenns yenmpy
i po3KkUdy ma 30iICHIOB8ABCS CMAMUCIMUYHUL AHAI3, MEMOI0 SIKO20 € i0enmuirayis cneyianbHux mpenodis. Kpim yvoeo,
AHANOSTYHUM YUHOM AHATIZYEATUCS 3ANUCYU HCYPHATY KOPUSYEAHb 34 SIKUMU GUSHAYAEMbCSL HASIGHICMb NOMUIKU NO3UYIO-
HYBAHHSL.

Ompumani pesynomamu. Bcmanosneno, wo sukopucmants kowmpoavhux kapm [Llyxapma do3eonsie oyiniogamu
Gaxmuunuil cman eéepcmamuo2o 06naonanns. basyrouucs na ypomy axmi, 3anponoHoO6ano MoOOdeb MEeXHIUH020 06CTy-
208ysanist i pemonmy eepcmamis 3 YITY, wo cnupaemvcs Ha cmamucmuynull ananiz Oauux. 3acmocysamnist 3anponoHo-
8aHOT MOOeIli 00 8Cb020 YUKTLY 0OCTIY208YBAHHS MA PEMOHMIB 00360J18€ 3HAYHO NOOOBHCUMU MINCPEMOHMHI MepMiHU OIS
sepcmamis 3 YI1Y. Kinokicme pemonmuux 3axodis oyna smerwena na 35-50%. Ilpu yvomy yuxaiunicms onepayiti, ne-
peobayenux mexHoI0SIUHUM Pe2lamMenmoM SUPOOHUKA Ol 0aGHO20 BUOY BePCIAMIE, 3ATUUACIbCS 0e3 3MIH, NIOBULY-
€mbCsi KoeiyieHm UKOPUCTANHS 0OAOHAHHS MA € MONICTUBICIb CKOPOMUMU HeOOXIOHY YUCENbHICIb NePCOHATLY pe-

MOHMHOT CTYAHCOU.

Haykoea noguzna. Bcmanogneno 36’130k pe3yiomamis npoyecy pisanus, uwjo 6CMaHo8nio0mscs 34 KOHMpOIbHUMU
kapmamu LLlyxapma, ma cmamny 061a0HaHHs 0151 YOPMYSAHHSL 3AX00i68 MEXHIYHO20 0OCIY208YEAHNS | PEMOHNY.

Ilpakmuuna yinnicms. 3anpononosana cxema opeauizayii mexHiuHo20 0OCIY208Y8AHHS MA PEMOHMY 8epCmamis
3 YIIV Ha ocHO8i cmamucmuyHo2o aHanizy 3 eukopucmanuam kapm Lllyxapma 3abesneuye cymmege CKOpOUeHHs BU-

mpam Ha ix eKkcniyamayiio.

Kniouogi cnoea: po3kuo, KoHmpoawbHi Medici, cneyianbHull mpeno, 8apiayis, po3nooilents, iHOeKC MONCIUBOCHEl
npoyecy, paxmuunull cmau 0O1AOHAHHA, MINCPEMOHMHUL Nepioo.
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