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INTRODUCTION 
Industry 4.0 meets the trend of digitizing data for all activities, from economic activities to production activities at 

processing machines. Digitizing operations means collecting big data for the corresponding activity. Big data of activities 
in the production environment are such as collecting processing conditions, power parameters, power quality situation, 
product quality data, and production environment data [1]. With a large enough amount of collected data, the work of 
tracing the corresponding activities is very fast and perfect through quantitative and qualitative statistical tools. Managers 
rely on the results of big data analysis to make decisions on future company development [2]. 

In the production environment, big data on machine conditions is essential to ensure the accuracy of the machining 
machine; the operating conditions must be monitored and followed the manufacturer’s requirements [3]. The quality of 
the power supply for the machine to operate is one of the main factors that need to be considered by managers and machine 
manufacturers [4]. Especially the harmonic component in the power supply, when the total harmonic distortion (THD) 
exceeds the allowable limit of the manufacturer (IEEE 519), there is a risk of a source fire causing the machine to lose 
accuracy [5]. In the factory, a lot of LED lights are used for lighting to ensure a brightness of 350 LUX or more, 
smartphones for business communication, computers for work and printers for printing barcodes for packaging and 
shipment. The above equipment is the main cause of harmonics in the power supply [6]. The input power helps the control 
circuit of the machining center actuators to operate, and if the harmonics generated exceed the allowable limit of IEEE 
519, the control circuit will operate unstable, leading to the accuracy level of the machine [7-8]. The actuator is unstable; 
this is the cause of the actuator, such as the spindle (standard tremor is less than 3 microns) deviating from the standard 
and reducing the service life [9]. The cutting tool is attached directly to the spindle to process the product hole size, and 
the spindle shaft does not guarantee an accuracy of less than 3 microns, and the product hole size will not meet the 
customer’s requirements and often arise. Defects such as hole eccentricity, slanted hole, unsatisfactory hole dimension, 
and uneven chamfer size [10-11].  

To ensure the quality of the hole size (after machining) meets the customer’s requirements, many previous studies 
applied the combination of methods to lean six sigma technique, define-measure-analysis-improve-control (DMAIC) 
phase, in the process of continuous improvement. None of them applied digital numerical control and computer vision 
using the technique [12-13]. AI combines lean six sigma in continuous improvement and especially in power supply 
quality control [14-15] and spindle key level monitoring. It is necessary to ensure that the spindle accuracy level is less 
than 3 microns, the spindle shaft accuracy level is operated by the control circuit and the control circuit works well when 

ABSTRACT – The quality of the power supplied to the machining center is a key factor in 
determining the accuracy of the machine’s operation. The precision of the machining center is to 
ensure that the spindle accuracy is less than 3 microns. This study proposes a digital numerical 
control system to control the quality of the power supply and control the accuracy of the spindle 
axis of the machining center to monitor the measurement results in real time. The computer vision 
system is set up according to the artificial intelligent (AI) technique to recognize human face objects 
and control the position of the processor respectively on each line. The online measurement system 
follows the digital numerical control (DNC) system applied at each processing line, measuring 
product dimensions, measuring conditions for setting up machining tools, and measuring machine 
coordinates. The system operates fully automatically, eliminating dependence on operator skill, 
and facilitating operation in control of machining conditions. Improve machining center operator 
satisfaction. After implementation of the improvement options, total cost down 1.740 USD per year, 
the monthly repair cost due to broken drill, spindle alignment decreased from $5000 to $3,300 per 
month. The scrap rate related to the hole size decreased from 0.47% to 0.23% (cost down $35 per 
month). Downtime for repair reduced from 20 hours per month to 7.5 hours per month (cost down 
$10 per month). Broken drill rate was reduced from 0.20% to 0.06% (cost down $100 per month). 
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the quality is high. Power supply quality meets IEEE 519 standard [6-8]. Redesigning the power supply circuit and adding 
a harmonic filter circuit at the source is necessary, using a smart meter to monitor the power quality results in real-time 
and save the measurement data to the measurement system on SQL (Structured Query Language) [16]. Digital numerical 
control (DNC) system realizes the connection of digital measuring equipment to the measurement system, and feedback 
the measurement signal back to control the machining center machining program. Product size measurement data is 
transmitted to the measuring system; in case the DNC system detects data larger than 3 microns, the DNC system will be 
locked. 

This study proposes the use of digital numerical control (DNC) system to perform digital transformation of operations 
at a machining center named machining center by technical measuring equipment and barcode scanning system, power 
supply quality parameter control, harmonic component control according to IEEE 519 standard and spindle precision 
control under 3 microns vibration standard. Computer vision technology uses artificial intelligence (AI) to recognize face 
objects in the operation of controlling the layout of the machine operator. The measuring system connects measuring 
devices on each processing stage and connects to the measuring system, ensuring product quality from the very beginning. 
All digitized data are saved to SQL system and retrieved back to the corresponding machining position to adjust 
machining process parameters according to measured data in real-time. The study brings some main benefits, such as:  

i. Improving user awareness about automation system,  
ii. Digital numerical control technique used for digitizing the entire operation,  

iii. Computer vision technology controls the operation of the operating object such as the processor, the working 
environment conditions. The measurement system is digitized by DNC technique and feedback the measurement 
quality signal to the corresponding process to update the operating condition according to real-time data.  

iv. The environment and working conditions are simpler but bring high efficiency.  
v. Remove barriers between research and practice.  

The organization of this research paper is organized as follows: Section 2 presents the background of related studies, 
Section 3 presents the case study for improvement, Section 4 is the raw material and methodology, Section 5 records 
results and discussion, and section 6 shows conclusions and future research directions. 

LITERATURE REVIEW  
Continuous improvement activities to improve the quality of processing conditions and improve product quality are 

necessary [1-3]. In the machining environment of mechanical product lines, the precision of the machine tool is essential 
to ensure the stability and accuracy of the cutting tools. Customers’ requirements for product quality are increasingly 
difficult, and product dimensional tolerances are becoming more and more precise, which is a difficult problem for 
machine researchers as well as machine operators [4]. The accuracy of the machine must be 20% greater than the accuracy 
required by the quality dimension of the customer’s product. For example, if a customer requires an accuracy of 4 microns, 
the accuracy of the machine spindle is less than 3 microns. The job of controlling spindle accuracy during machining to 
ensure it is below 3 microns is a difficult problem. However, the problem of power supply to the spindle control circuit 
is even more difficult such as controlling the quality of the power supply to ensure that it meets IEEE 519 standards [5-
6] specifically, THD must be less than 5%, this is the problem is extremely difficult when there are so many smart devices 
connected to the power supply, smart electrical devices such as led lights [7-8], computer LCD screens, barcode printers, 
telephones, electric vehicle chargers, etc. are the factors that generate harmonics in the source electricity [9].  

Lean six sigma in continuous improvement is widely applied in all business activities. DMAIC phase is considered 
the dominant technique in improvement activities. Prashar [17] proposes to apply the DMAIC cycle to continuous 
improvement activities in the environment of mechanical processing plants; statistical charts monitor and analyze 
temperature and humidity in the processing plant, improving the stability of operating environment conditions, 
contributing to ensuring that the automatic processing machine structure is guaranteed. Roth and Franchetti used lean six 
sigma in the improvement of printing paper mills and brought good results in improving product quality [18]. Sajjad et 
al. [19] utilize the DMAIC cycle in continuous improvement at the polypropylene bag factory, providing consistent 
quality throughout the production process. Lean six sigma is an effective tool in continuous quality improvement activities 
applied to many fields, and there are many studies that have applied DMAIC to operations [12-13]. Abualsaud et al. [20]  
proposed using six sigma to improve factory layout, man-machine chart analysis is applied to video analysis of the 
operation process and waste point determination, although the exact level has not been determined—machining machines 
also a good point when optimizing the layout and machine coordinates. Sharma et al. [21] apply industrial tools, 7 quality 
tools to analyze product quality, quality data is saved by employees with test paper, the results of this data depend on how 
employees record, and the reliability rate is not high, and many parameters are still missing because the staff can’t see 
clearly. Sharma et al. [22] used statistical graphs to analyze and monitor the measurement results of electrical signals of 
the scanner; these measurement results are recorded in a paper file, and the data is extracted into the analysis charts. When 
analyzing, employees must look and enter manually; errors in the process of entering analytical data are the weak points 
of the operation. DMAIC Phase helps continuous improvement staff to have an overview of activities and is easy to 
implement, but it still depends on the user’s judgment; it is necessary to have a new technical system to control the results. 
Automatic continuous improvement performance [10-12]. Soundararajan et al. [23] used single and multifactor 
experimental design incorporated into DMAIC to improve jigs in machining, improve productivity, reduce waste, and 
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improve customer satisfaction, using check sheet monitoring results after improvement and this activity depends on 
people, so the monitoring results are limited. Srinivasan et al. [24] used value stream mapping, statistical techniques to 
analyze activities, and identify wastes. There is not really a tool to control the accuracy of machining tools, and the author 
uses a check sheet to record measurement results. Tannady et al.[25] were using a temperature sensor to control mold 
temperature and using a statistical analysis tool combined with DMAIC phase to control the process. The author 
recommends using a solder heating current quality measuring tool. Automatically and record the measurement results in 
the check sheet [25]. Operations that depend on the operator’s skills often generate other errors. As the operator has 
emotions, so the results recorded in the check sheet also change according to human emotions, there is a need for a 
POKAYOKE improvement activity to eliminate dependence on people skills [12]. Tsarouhas et al. [26] incorporates 
machine maintenance into the DMAIC phase, organizes a maintenance plan for the power supply for the machining 
machine, improves the quality of the power supply, and ensures the stable operation of the machine. However, the 
operation only stops the maintenance and replacement of new electrical conductors, with no control measures, eliminating 
harmonics according to IEEE 519 standards to provide automatic processing machines [6-8]. Uluskan et al. [27] 
incorporated the experimental design into lean six sigma power quality control at automatic machining machines. The 
study stopped only to measure and control the stability by cleaning around the board control circuit; the influence of 
harmonic components in the power supply has not been evaluated on the accuracy of the machining machine [27]. 

Many applied studies combine lean six sigma (DMAIC phase) with statistical tools and experimental design into 
improvement activities [28]. However, the studies only stopped analyzing, measuring the process, and designing solutions 
immediately; there is no solution to improve the whole system. According to the theory, POKAYOKE needs to design a 
system to improve the whole system and even if the operator wants to do it wrong, the system can’t do it. Digital numerical 
control (DNC) technology, computer vision technology using a combination of artificial intelligence (AI) and 
measurement systems to connect digital measuring devices (smart meter tools) into the measurement system and in order 
to automate the whole process, the techniques used in this study were incorporated into the DMAIC phase to address the 
limitations of those studies. 

CASE STUDY FOR IMPROVEMENT 
The accuracy level of the spindle in the machining center is as small as 3 microns, and the spindle is controlled by an 

electrical circuit using a 380 3-phase power source. Harmonic components arise in the power supply, causing the control 
circuit to not respond to the signal continuously, leading to the spindle actuator not working properly. Over time, the 
spindle accuracy does not guarantee the standard level, and the drill is directly attached to the spindle shaft (Figure 2) to 
drill the product hole. The spindle accuracy level is also considered the precision level of the drill. The product is directly 
attached to the jig, where the precision level of the jig also causes the hole quality to fail. Still, the jigs are mechanical 
and stationary; the accuracy deviation rate is very low.  

An analysis of error rate at the machining center from October 2019 to March 2020 shows the number of drills broken 
is 485 times, hole size is inclined 297 products, hole position is out of concentricity is 148 products, chamfer does not 
pass are 59 products, the degree of unsatisfactory loss is 31 products and test products are 16 products. Unsatisfactory 
spindle accuracy is the main cause of the above waste situation. 

 

   
(a) (b) (c) 
Figure 1. (a) hole is inclined, (b) hole is not concentricity, and (c) broken drill 

Statistical hypothesis testing, experimental design and analysis of variance are included in the lean six sigma (DMAIC) 
technique to analyze the problem situation; Pareto charts and histograms are applied to data analysis. Electrical measuring 
devices, measuring machining dimensions, and setting cutter coordinates are measured and linked measurement results 
into an online measurement system for monitoring measurement data in real-time. Industry 4.0 requires operations to be 
digitized and big data to be saved in real-time.  

The digital numerical control system implements the digitization of operations in the production environment and 
records data in real-time, collecting electrical measurement signals from smart measuring devices and measuring signals 
from electronic spring meters or other types of electronic gauges into the measurement system. The barcode used in the 
DNC system reads from a barcode reader that connects the data to the production and process control system. The 
computer vision system applies artificial intelligence (AI) technology to facial object recognition, operator layout control, 
and improved safety in automated factories. Minitab 18.0 software uses analysis of hypothesis testing models, 
experimental design and analysis of variance, and quantitative analysis in research. The MATLAB 2022a software uses 
a computer vision tool to recognize human face objects to control the operator’s layout. Smart PLS 3.0 software analyzes 
the results of the user satisfaction survey after the system is improved according to the PLS-SEM (Partial Least Squares 
Structural Equation Modeling) model. The total cost down was 1.740 USD per year, where the monthly repair cost due 
to broken drill and spindle alignment decreased from $5000 per month to $3300 per month. The scrap rate related to the 
hole size decreased from 0.47% to 0.23% (cost down of $35 per month). Downtime for repair reduced from 20 hours per 
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month to 7.5 hours per month (cost down of $10 per month). Broken drill rate was reduced from 0.20% to 0.06% (cost 
down of $100 per month). 

METHODS AND MATERIAL 
DMAIC Phase belongs to the lean six sigma technique, including 5 phases [29] applied to continuous improvement 

activities in the quality management system ISO 9001: 2015, widely applicable to all business activities (Figure 3). Define 
phase (D) describes the operating environment, identifies the problem content that needs to be improved. Measure phase 
(M) uses descriptive statistical techniques, quantitative statistics to measure activities, collect and analyze quantitative 
and qualitative data and identify activities related to the problem in the process in the past and present. Analysis phase 
(A) uses quantitative statistical tools, and descriptive statistics to analyze the overall data related to the problem. Statistical 
analysis software is applied, such as Minitab 18.0, SPSS 20, MATBLAB 2022a. Statistical hypothesis testing tools are 
also applied to find the cause of problem points. Improve phase (I) brainstorming tool is applied to search for improvement 
options, multi-objective decision-making models to determine the most optimal option, conduct testing to test the model. 
Control phase (C) establishes a control system for operations such as digital numerical control system, computer vision 
system, online measurement system to monitor data in real-time, perfect the quality documentation system and user 
training, user satisfaction survey results of continuous improvement activities by PLS-SEM method.  

 

 
Figure 3. Lean six sigma (DMAIC) method 

Define 
It determines the frequency of machine downtime due to harmonics generated by the power source, reducing 

machining productivity, generating waste products, and machine repair costs; in Eq. (3), with:fi: frequency of xi, p: 
frequency of appearance. 

 

Pi = � pj

i

j=1

 (1) 

 
Applying student distribution to evaluate the frequency of shutdown errors due to unstable source voltage components 

on two types of semi-automatic and automatic machines; Eq. (2) to Eq. (4).  
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𝐻𝐻0 reject domain (𝐻𝐻0: unstable operation (unexpected shutdown) due to unstable power supply caused by harmonics).  
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Harmonic components are the main cause of distortion of the wave shape, making the electrical system of the machine 
not meet the requirements and frequently generating unexpected shutdowns, causing tool damage, product damage, and 
quality failure. The products do not meet customer requirements, and the output does not meet KPI, incurring production 
costs.  

Measure 
The geometric distribution is used to check the number of sudden machine stops due to the supply voltage having a 

harmonic component, in Eq. (5) and Eq. (6), with n: number of times the machine stops suddenly.  
 

g(n; p) = p(1 − p)n−1,   n = 1, 2, … , n (5) 
  

M(t) =
pet

1 − et(1 − p) ,   t < −log(1 − p) (6) 

 
Bayes formula is used to check and compare the rate of generator shut down due to the power source having harmonic 

components, machine A1 without harmonic filter circuit, machine A2 with harmonic component filter circuit, in Eq. (7), 
with: B: number of times the machine stops suddenly. 

 

P(Bi|A) =
P(Bi) × P(A|Bi)

∑ P�Bj�× P�A�Bj�m
j=1

,   i = 1, 2, … , m (7) 

 
The test of variance ratio according to Fisher distribution is applied to check the stable operation of two processing 

machines fitted with harmonic noise filter circuits, as in Eq. (8). 𝐻𝐻0 reject domain (𝐻𝐻0: two machines work stably when 
trying to filter harmonics). 

 

R = �
S12

S22
< F1−α 2⁄ ,v1,v2

(n2 − 1)
n1 − 1 ,

S12

S22
> Fα 2⁄ ,v1,v2
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An infinite dynamic programming model with Markov series applying enumeration method is applied to evaluate the 

utilization between semi-automatic voltage meter and smart meter, as in Eq. (9) to Eq. (12). 
Step 1: Set up the corresponding matrix:l, Pl, Rl 
Step 2: Calculate earnings expectations 
 

vil = � pijl rijl ,   l = 1 ÷ L
m

j=l

 (9) 

 
Step 3: Calculate the critical matrix 
 

� l =  �π1l ,π2l ,πml �,   l = 1 ÷ L (10) 

 
Step 4: Define expectations  
 

El = � πilvil
i=l÷m

 (11) 

 
Step 5: Determine the optimal policy 
 

E = maxl�El� (12) 
 
Measure the harmonic components in the power supply that affect the operation of the machine and evaluate the 

response of the power meter by the Markov series method.  

Analysis 
Multifactorial analysis of variance determines the impact of harmonic levels on the spindle control actuator of the 

machining center; in Eq. (13) and Eq. (14). The correct spindle operating response level is less than 3 microns.  
The hypothetical statistical function is calculated according to the sums of squares in the analysis of variance: 
 

F0 =
MST
MSE

=
SST (a − 1)⁄

SSE (a − 1)(b − 1)⁄  (13) 
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When 𝐻𝐻0 is true, the distribution of the statistical function is the ratio of the distributions of the x2 distribution, so it 
has the Fisher distribution: 

 
F0~Fa−1,(a−1)(b−1) (14) 

 
The multivariable experimental model evaluates that the spindle accuracy (A) and the accuracy of machining jigs (B) 

at the machining center affect the quality of the products after machining; in Eq. (15) to Eq. (23). It is necessary to check 
whether the above two factors (A, B) have a positive correlation. 

The model represents the experimental output of the 2-variable experimental model: 
 

Y = μ + τi + βj + (τβ)ij + E, i = 1 ÷ a, j = 1 ÷ b (15) 
 
Analyze the variation of the samples: 
 

Yij = � Yijk,   Y�ij =
Yij
n

n

k=1

 (16) 

 
The sum of squares represents the variation of two-variable experimental data:  
 

SS = ����Yijk − Y��2
n

k=1

b

j=1

a

i=1

 (17) 

 
The sum of squares SS is split into individual sums of squares of each respective factor: 
 

SSE = ����Yijk − Y�ij�
2

n

k=1

b

j=1

a

i=1

 (18) 

 
The squares of the samples are determined from the sums of squares and corresponding number of degrees of freedom: 
 

MSE =
SSE

ab(n − 1) (19) 

 
Expect the mean squared of the sample: 
 

MSAB = σ2 +
n∑ ∑ (τβ)ij2b

j=1
a
i=1

(a − 1)(b − 1)  (20) 

 
Hypothesis testing the influence of spindle accuracy and jigs accuracy at machining center on product quality: 
 

F0 = MSA
MSE� ~F(a−1),ab(n−1) (21) 

 
In case H0 is rejected, the probability of error is α when the statistical value meets the condition as follows. 
 

F0 > Fα,(a−1),ab(n−1) (22) 
 
Hypothesis testing the correlation between two factors (accuracy of spindle and accuracy of jigs) is given by: 
 

F0 = MSAB
MSE� ~F(a−1)(b−1),ab(n−1) (23) 

 
with: E is an empirical error, μ is expected variable, τ,β is expected deviation and yijk is variable value. 

Univariate analysis of variance verifies that the harmonics generated at the power source affect the accuracy of spindle 
machining centers, as in Eq. (24) to Eq. (27), by generating different harmonic ranges and perform experiments many 
times and checking spindle accuracy changes. 

The model turns out to be a real univariate analysis of variance: 
 

Yi = μi + Ei, i = 1 ÷ a (24) 
 
Analysis of variance analyzes the variation of data into multiple components as follows: 
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SS = n�(y�i − y�)2 + ���yij − y�i�
2 

b

j=1

a

i=1

a

i=1

 (25) 

 
The mean squares are calculated based on the respective degrees of freedom and construct the statistical function F0 

as follows: 
 
 

MSE = SSE
(N − a)�  (26) 

 

F0 =
SST

(a − 1)�
SSE

(N − a)�
 (27) 

 
With the α error probability determined, the H0 hypothesis rejection region depends on the statistical function 

distribution. Experimental design of univariate, multivariable experiments tested the hypothesis that the input factors 
(power source with harmonic interference, spindle accuracy and machining center jigs) affect product quality.  

Improve 
Random expected value decision-making technique selects possible solutions based on information about the future, 

which are different natural states of the system. Decision-making under random conditions, also known as decision-
making under risk conditions, with an objective function that can be cost or profit, the expected utility function is a 
reasonable basis for comparing alternatives. A suitable alternative is a project with a repeatable outcome and a fixed 
distribution, in Eq. (28) to Eq. (33).  

Set of natural states of a system S with m states: 
 

S = {si, i ∈ Nm} (28) 
 
Probability of paralysis according to the vector (P): 
 

P = {p(si), i ∈ Nm} (29) 
 
The set of options is A with n options: 
 

A = �aj, j ∈ Nn� (30) 
 
Expected utility when choosing option aj: 
 

E�uj� = � uijp(si)
m

i=1

 (31) 

 
Maximum expected utility: 
 

E(u∗) = max
j

E�uj� (32) 
 
The option with maximum expected utility is the one chosen a∗: 
 

a∗ = ak, E(ak) = E(u∗) (33) 
 
Variance test with the distribution statistical function 𝑥𝑥2, evaluates the statistical assumption of the sample variance 

from the selected option and applied at the machine center; in Eq. (34) to Eq. (36). 
Statistical function for the test of variance determined from the sample variance S2; statistical function with 

distribution x2: 
 

(n − 1)S2
σ2� ~xn−12  (34) 

 
For H0 is correct, 
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(n − 1)S2
σ02
� ~xn−12  (35) 

 
With α ∈ [0,1], hypothesis rejection region H0: 
 

P �S2 < x1−α,n−1
2 σ02

(n − 1)� � = α (36) 

 
The multivariate variance ratio test with the statistical function with Fisher distribution performed the hypothesis 

testing of the selection option deployed on two machine centers, checking the response level of spindle accuracy; in Eq. 
(37). 

With α ∈ [0,1], hypothesis rejection region H0 
 

R = �
S12

S22
< F1−α

2� ,v1,v2

(n1 − 1)
(n2 − 2) ,

S12

S22
> Fα 2� ,v1,v2

(n1 − 1)
(n2 − 1)� (37) 

 
The fuzzy sum box evaluation technique in the decision-making model tests the performance of the system after the 

improvement according to fuzzy criteria (operating features (P), cost (C), system availability (A) and software availability 
(S); as in Eq. (38) to Eq. (42). 

Set of fuzzy evaluation criteria (C): 
 

C = {ci, i ∈ Nm} (38) 
 
Set of fuzzy ladders (X): 
 

X = �xj, j ∈ Nn� (39) 
 
Relational matrix on the set of fuzzy products C × X: 
 

R = �rij�, i ∈ Nm, j ∈ Nn (40) 
 
The standard weight of fuzzy evaluation is represented by the fuzzy vector W: 
 

W = {wi, i ∈ Nm},�wi 
m

i=1

 (41) 

 
Synthetic evaluation of the fuzzy set E on X found through the union of the fuzzy clusters W and R: 
 

E = W0R (42) 
 
The random expected value decision-making technique for selecting alternatives uses an objective function that can 

be costly or profitable. Hypothesis testing based on univariate and multivariable variance is applied to test the hypothesis; 
the response level of the selected option to the system and fuzzy system decision-making techniques to evaluate the 
system’s stable operation.    

Control 
The computer vision system recognizes objects (recognize human face objects) by artificial intelligence (AI) and 

controls the layout of the operator of the machining center. Each employee who is qualified to operate the post-
improvement system at the machining center is allowed to take 1000 pictures of different facial aspects and 700 pictures 
for training, and 300 pictures for testing the computer vision system.   

The digital numerical control (DNC) system links data about post-improvement system conditions at the machining 
center to the SQL server and retrieves data from SQL using a barcode system, analyzing, and selecting the right parameters 
for control. Digital numerical control system establishes an intelligent maintenance system for the whole equipment 
automatically and automatically at the machining center. All data is linked into SQL system, and data retrieval is fast. An 
online measurement system using digital numerical control is deployed at each processing line, monitoring product 
quality according to the theory of total quality management (TQM). Product quality will be monitored in real-time, 
preventing the late generation of orders due to negligence in product quality control activities that depend on human 
skills, and improving customer satisfaction.   

PLS-SEM model and IPMA distribution chart analyze user satisfaction (e.g., machine operator, maintenance 
technician and production line manager) system before and after improvement at the machining center. This is to identify 
unsatisfactory user points as a premise for further improvement research in future improvement activities. 
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RESULTS AND DISCUSSION  
Define 

Applying Eq. (1) and tabulating the number of machining center downtimes due to continuous failures for 30 days in 
Table 1, the empirical CDF chart shows that the cumulative frequency of machining center failures increases over time. 

Table 1. Frequency of machine downtime in 30 days  
Frequency f p P 

0 15 0.50 0.49 
1 8 0.28 0.77 
2 3 0.10 0.87 
3 3 0.10 0.97 
4 0 0.00 0.97 
5 1 0.02 100 

Total 30 1.00  
 
The expected deviation of spindle accuracy was checked (e.g., the standard deviation of a spindle shaft is less than 3 

microns; if the spindle shaft has a deviation greater than 3 microns, the product quality after processing will not satisfy 
the customer’s request) with the same input voltage supply to two different machining centers with the same 3 microns 
spindle clearance. Equations (2) to (4) were applied to calculate the quality of the products to meet. The mean deviation 
of test sample between the two machines is 0.96, and the estimated sample variance between the two machines is 1.7987, 
with the 𝛼𝛼 acceptance level of 0.05; defining the rejection area. Discarding the hypothesis, H0 is less than -1.6065 and 
larger than 1.6065. The sample mean deviation of 0.96 is not in the rejection region of the null hypothesis 𝐻𝐻0. In 
conclusion, 𝐻𝐻0 was accepted, setting the product quality scores of the two machining centers with the same spindle 
clearance and using the same voltage source for a similar response. 

Statistics of machining center stops from October 2019 to March 2020 with Pareto chart showing the cause of drill 
tools broken accounting for 46.8% of the total 1036 machine stops. The next two causes the first time is, hole’s incline 
that accounting for 28.7 %, and the hole does not center, accounting for 14.3%. However, the accuracy of the spindle of 
the machining center is the main cause of all three errors. The drill is directly attached to the spindle to machine the 
product hole size as shown in Figure 1 where spindle accuracy is also the drill accuracy. The spindle movement 
mechanism works through a control circuit using 3-phase 380 voltage input power, good power quality ensures the 
controller works well and vice versa, harmonics in the power supply make the circuit work. If the operation is not good, 
then the spindle will vibrate; when the vibration often occurs, leading to the loss of spindle accuracy.   

 

 
Figure 1. 3D of spindle system of machining center 

Measure 
During monitoring the number of condenser cycles and connecting the power supply live detector to the machining 

center, each time the machine stops, the 3-phase 380 voltage supply waveform is distorted due to harmonics. The 
probability of stopping the machine per cycle is 0.01; the number of cycles until stopping the machine is N with a 
geometric distribution E(N) of 1000. Applying Eq. (5) and Eq. (6), a random variable with standard deviation is 999. 
With a very high observed standard deviation, indicating that the run is unstable, sometimes the machine runs very short 
and sometimes the machine runs very long, with an accuracy of α = 0.05, the percentiles obtained are N0.05 =
52 and N0.95 = 2995.  

The harmonic filter circuit is attached to the 380 voltage 3-phase power supply for machines A1 and A2, the power 
quality on the two machines checked, and Eq. (7) is applied. The variance of 10 samples measured at the input source of 
machine A1 is 3.45 and machine A2 is 3.06, while the ratio of sample variance of the two machines is 1.1274. With the 
acceptance level of hypothesis 𝛼𝛼 = 0.05, the rejection area of hypothesis H0 is determined to be less than 0.4722 and 
larger than 6.3111. The ratio of variance between the two samples is 1.1274 which does not fall into the rejection zone. 
In conclusion, H0 is accepted, the variance set the power quality at the two machines is the same. 
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The machining center A1 uses a conventional 380 voltage 3-phase power source, and the machining center A2 is 
wired to filter harmonics to a 380 voltage 3-phase power supply, monitoring the machine’s shutdown status for 20 
consecutive days. Using Eq. (8), for the correct result that the machine stops error (B) occurred is, P(B|A1) =
0.1901, P(B|A2) = 0.0596. The observation results show that the stopping rate appearing on machine A1 is three times 
higher than A2. The current commercial harmonic filter circuit on the market is still not enough to remove the harmonic 
component in the power supply.  

Applying the enumeration method to check three states of power quality measurement and two states of measurement 
(using a hand meter and a smart meter) to form 8 levels of states as in Table 2. Equations (9) to (12) are applied, transition 
matrix, corresponding return matrix, income expectation when moving from state 𝑖𝑖 to policy l, income expectation 𝐸𝐸𝑙𝑙 at 
policy l = 1+ l, the income expectation of option 2 is 2,256 for the highest value. In conclusion, policy 2 is the optimal 
option. Smart meter measuring instrument responds well to mains voltage measurement system. 

Table 2. Enumeration method 
No. Policy 

1 Hand meter 
2 Smart meter at input source 
3 Smart meter at control circuit 1 
4 Smart meter after control circuit 2 
5 Smart meter at spindle 3 
6 Smart meter at status 1 and 2 
7 Smart meter at status 1 and 3 
8 Smart meter at status 2 and 3 

 
The quality of the input voltage source is verified by the experimental method, showing that the harmonic component 

affects the spindle accuracy of the machining center, and the spindle is directly attached to the drill). To improve the hole 
size quality, improve the spindle accuracy and improve the quality of the input voltage source.  

Analysis 
Using five types of power quality measuring equipment for measuring on four machining centers using 380 voltage 3 

phase, Eq. (13) and (14) are applied. 𝐻𝐻𝑜𝑜: Harmonic component in power supply affects spindle accuracy, 𝐻𝐻1: Harmonic 
component in the power supply does not affect spindle accuracy. Two-factor analysis of variance (type of power meter 
and type of primary power supply circuit), p-value = 0.0009, with acceptance α = 0.05. In conclusion, H0 is rejected. The 
type of power source meter affects power quality control.   

The accuracy of jigs and spindle accuracy (in Figure 1) are proven by a multivariate experimental model to test the 
statistical hypothesis to have an impact on the number of machine stops due to drill breakage or quality (for unsatisfactory 
product hole volume at the machining center). Jig accuracy is divided into three levels (A1, A2, A3), and spindle accuracy 
is divided into three levels (B1, B2, B3). Each experimental treatment was repeated four times and the total number of 
experiments was 36 times; the experimental order was random where Eq. (15) to (23) are applied (in Table 3). The 
hypothesis is, H0: Jigs accuracy or spindle accuracy affects the quality of product hole size and drill breakage, and H1: 
Jigs accuracy or spindle accuracy does not affect product hole size and drill breakage.  

Considering the effect of the accuracy factor of jigs, with response level accuracy 𝛼𝛼 = 0.05, value P = 0.002 < 0.05. 
In conclusion, H0 is accepted, the accuracy of jigs positively affects the quality of the hole size of the product and drill 
breakage. Considering the effect of the spindle’s accuracy factor, with the response level of accuracy 𝛼𝛼 = 0.05, P value = 
0.0001 < 0.05. Therefore, H0 is accepted; spindle accuracy has a positive impact on the quality of the hole size of the 
product and drill breakage. Considering the interaction effect between the accuracy factor of spindle and jig, with the 
accuracy response level 𝛼𝛼 = 0.05, P value = 0.0186 < 0.05. In conclusion, H0 is accepted, the interaction between the 
spindle and jig positively affects the quality of the hole size of the product and drill breakage. 

Table 3. Multivariate experimental ANOVA analysis 
SOV SS DOF MS F0 P value 
Jig accuracy 10.683 2 5.341 7.91 0.002 
Spindle accuracy 39.118 2 19.559 28.97 0.001 
Jig and spindle interactions 9.613 4 2.403 3.56 0.0186 
Experimental error 18.230 27 675.21   
Total 77.646 35    

 
The harmonic component generated in the 380 voltage 3-phase power supply runs into the power circuit to control 

the spindle of the machine spindle and experiment with five weak levels of harmonic component and the number of 
repetitions five times. The output parameter of the experiment is to determine the degree of influence on the spindle 
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accuracy (the standard is less than 3 microns). Equations (24) to (27) was applied, and a 1-factor ANOVA analysis gave 
the results as in Table 4. The hypothesis for statistical testing was established; 𝐻𝐻0: Harmonic wall generated in 380 voltage 
3 phase power supply positively affects the accuracy of spindle and 𝐻𝐻1: Harmonic wall generated in 380 voltage 3 power 
source has a positive impact on spindle accuracy. Phase has no positive effect on spindle accuracy, with acceptance level 
α = 0.05, look up the statistical function distribution table and determine the rejection region of hypothesis H0, F0 = 2.87. 
The results of 1-factor ANOVA analysis showed that the statistical function value F0 = 14.76 > 2.87. In conclusion, the 
hypothesis H0 is rejected, and α = 0.05 > P-value = 0.009, concluding that there is a difference between the input factors 
(harmonic component in power supply) that affect spindle accuracy. 

Table 4. 1-factor analysis of variance table 
SOV SS DOF MS 𝐹𝐹0 P-Value 
Power quality 475.76 4 118.94 14.76 0.009 
Experimental error 161.2 20 8.06   
Total 636.96 24    

 
The power quality influences on the accuracy of the machining center (jigs and spindle) was determined, as well as 

the accuracy of the spindle and jig on the quality of the product hole size of the product and the breakage of the drill when 
machining. Equal to univariate and multivariate experimental design methods, a 1-factor analysis of variance is also 
applied. Improving the quality of the input power means improving the quality of the machining machine, ensuring the 
accuracy of the parts of the machining center controlled by an electronic circuit, and the harmonics generated in the power 
supply are the main source. The main reason for the quality of power supply is not guaranteed.  

Improve 
To improve the quality of 380 voltage 3-phase power supply for the machining center, four options are proposed; 

option 1 (A1): replacing the entire power transmission line system, option 2 (A2): planning for power line maintenance 
and periodic voltage measurement, option 3 (A3): filling up power supply harmonic filter circuit for machining center, 
and option 4 (A4): add a smart meter to option 3 for real-time power quality control. Parameters considered are the real 
value of the option (PW), the probability of the occurrence of a non-positive real value P(PW<0), the expectation and the 
variance of the present value E(PW), V (PW), Equations (28) to (33) were applied to the analytical results as in Table 5. 
According to the criterion of expectation with the largest value, the selected option is optimal. Option 4 gives the 
maximum expected value of 65000, while options A1, A2, and A3 give the same expected value and equals to 60000. 
According to the probability standard, the lowest occurrence frequency is the optimal solution, the alternative A3 has the 
lowest probability and equals 0.0, followed by alternatives A2 and A4 with the same probability value of 0.1. The last 
one. is option A1 for the maximum probability value and equal to 0.2. According to the variance standard, the lowest 
variance value is the optimal solution; the A3 option has the lowest variance value and equals 2.5, followed by the A2 
option with the variance value of 3.0. Option A4 has a variance value of 3.85, and finally option A1 gives the largest 
variance that is equal to 5. Option A3 (installing a harmonic filter circuit at 380 voltage 3-phase supply for machining 
center) was selected as the optimal solution, and option A4 (filling smart meter into the source circuit has implemented 
plan A3) is the next selected option. The power supply circuit diagram was redraw for the machining center and select 
the component filter device named TAC-4-30A (The symbol in the circuit from Figure 2 is NF101). 

 

 

 

Figure 2. The power supply circuit is fitted with a harmonic filter TAC-4-30A 

The power supply circuit with the harmonic filter TAC-4-30A provides power for the machining center, and the 
spindle accuracy is monitored continuously for 30 hours by the VOGEL Germany electronic counter (accuracy 
±0.001mm), scale 0 - 50.8mm). Equations (34) to (36) are applied to test the spindle accuracy data variance (the standard 
is less than 3 microns) and the calculated sample variance value is 1.44. The hypothesis is H0: Sample variance accuracy 

300 v 
3 phases 
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measurement result of spindle = 1.5 and H1: Sample variance accuracy measurement result of spindle < 1.5, with 
acceptance level α = 0.05, and the number of observations = 30. By looking up the statistical table of variance, the 
calculated percentile point value is 17.7083 and the calculated H0 rejection area value is less than 0.91, while sample 
variance is 1.44 > the value of the H0 (<0.91). Thus, H0 is accepted, set the sample variance to measure spindle accuracy 
and is not less than 0.5.  

Under the same experimental conditions, using two different machining centers, Eq. (37) is applied. The sample 
variance of the 30 spindle accuracy measurements of machine 1 is 3.45 and machine 2 is 3.06, and the sample variance 
ratio of the two machines is 1.1274. The hypothesis is H0: The sample variance of machine 1 meets to ensure stable 
spindle accuracy and is equal to the sample variance of machine 2 to ensure stable spindle accuracy, and H1: Sample 
variance of machine 1 meets to ensure stable spindle accuracy and is different from the sample variance of machine 2 
meets to ensure stable spindle accuracy, with acceptance level α = 0.05 and degrees of freedom 9, 20. By looking up the 
table, the percentiles are 2.85 and 0.2725. The rejection region of hypothesis H0 calculated from the sample is less than 
0.4722 and larger than 6.3111. The sample variance ratios of machine 1 and machine 2 are not in the H0 rejection region. 
Therefore, H0 is accepted; the component filter circuit responds well to spindle accuracy. 

The proposed digital numerical control system applies precision grade stability control of the spindle (standard < 3 
microns). The electronic counter is connected to the machining center where the spindle accuracy check frequency is the 
beginning and the end of the order processing, and staff scan the order barcode. The system calls the machining center 
program automatically, then the machining program is set up to check the accuracy of the spindle, and the measurement 
data is transmitted to the measuring system. Standard measurements are less than 3 microns (Figure 3). In case the 
measurement result is larger than the standard, the measuring system is locked, and the machining center program is also 
locked, the warning system sounds an alarm. Perform component control by connecting the power measurement signal 
from the smart meter to the measuring system and control the fluctuation into harmonics according to IEEE 519 standards. 
In case the harmonic component exceeds the standard level, the system will generate alarm signals and save measured 
values in real time, serving the investigation of abnormalities in machine operation. 

 

 
Figure 3. Digital numerical control system 

The harmonic filter (TAC-4-30A) filled into the power supply to improve the power supply to the machining center, 
set up a digital numerical control system for real-time control of the machining center spindle accuracy. The track real-
time monitoring of the power supply quality ensures the harmonics are within the IEEE 519 control zone and determine 
the performance criteria of the system (P), the associated operating costs of the system (C), the applicability of the 
improvement option (A), and the applicability of the software. Software (S) makes a fuzzy evaluation matrix according 
to rating scales such as good (E), good (S), average (A) and bad (I); the fuzzy rating matrix is established using Eq. (38) 
to (42). 

 

𝑅𝑅 =

⎣
⎢
⎢
⎢
⎡ E S A I

P 0.1 0.3 0.4 0.2
C 0.0 0.1 0.8 0.1
A 0.1 0.6 0.2 0.1
S 0.1 0.4 0.3 0.2⎦

⎥
⎥
⎥
⎤
 

 
where standard weight vector, W = [0.4 0.3 0.2 0.1], integrated evaluation fuzzy set, E = W × R = [0.1 0.3 0.4 0.2], 

The results from the fuzzy set show that the performance of the system after improvement is average (A). 

Control 
Machining center machining has completely become an automatic machining process, from calling the machining 

program, measuring the accuracy of the coordinates of the machining tools and the online measuring system of the product 
after processing; completing the process, and at the same time, setting up the supply voltage monitoring system. Operating 
the system needs to have enough skills, from understanding information technology to operating automatic machines. If 
the operator fails to comply with the standard or the wrong processing process, an accident occurs immediately. The 
wrong operating system is selected, and the error occurs, updating the allowable tolerance and deviation of the machining 
coordinates. The computer vision system is applied to identify qualified employees properly and are specified according 
to the layout of the processing machine compatible with the trained capacity. In case the employee goes to the wrong 
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stage, the computer vision system recognizes it, and the alarm rings. The operating system at the corresponding processing 
machine is then locked as shown in Figure 4. The face recognition system connects to the inspection system, connecting 
to the digital numerical control system in the dynamic throat to call the machining program and update the tolerance 
automatically (Figure 5). Improper operator identification and detection, locked measurement system, locked digital 
numerical control system.  

 

 
Figure 4. Face recognition system 

 
Figure 5. Digital numerical control system 

The survey is on user satisfaction with the digital numerical control system at machining center, survey satisfaction 
on technical factors, usefulness, and convenience of the system. Survey subjects include 6 factory maintenance staff, 12 
processing line operators (divided into 2 working shifts) and 3 factory management staff; a total of 21 people were 
surveyed. Smart PLS 3.0 software was used and analyzed according to the PLS-SEM model in Table 5. The analysis 
results show that the usefulness factor for the p-value = 0.004, rated as high satisfaction, factor on the level of convenience 
for p-value is 0.04, assessed as reaching the level of user satisfaction and technical factors have a p-value of 0.54, rated 
as completely unsatisfactory. Surveyed people are not satisfied with the source voltage harmonic component measurement 
system. The total harmonic distortion (THD) value is not stable, making the measurement system continuously alarm that 
there is a problem. However, compared to before installing the TAC filter, the system is much more stable. 
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Table 5. Path coefficient, t-value, and p-value 
Path Path Coeff t-value p-value Comments 
Useful  Loyalty 0.53 2.54 0.004 Supported 
Convenience  Loyalty 0.43 2.85 0.04 Supported 
Technology  Loyalty 0.19 0.55 0.54 Not supported 

CONCLUSIONS  
This study highlights the close connection between research to practical application. It is proposed to use a smart 

meter to measure and monitor the source voltage after installing the TAC harmonic filter in real-time and the measured 
value is connected to the measurement system, saving large data on the SQL system. The system measures the accuracy 
of machining applications such as spindle accuracy, jigs accuracy and other tools. The measurement results are saved into 
the measurement system according to each corresponding machining order, accurately controlling cutter coordinates, drill 
length and drill precision, ensuring the quality of the hole size meets the customer’s requirements. The proposed digital 
numerical control system is used to call the machining center program by the barcode system, preventing errors when the 
machinist chooses the wrong program, and enters the allowable tolerance. The computer vision system recognizes the 
human face object, controls the standing layout of the machine corresponding to the corresponding trained personnel, and 
prevents labor accidents caused by untrained people operating the machining center. 

As a result of the improvement in the machining center, the monthly repair cost due to broken drill, and spindle 
alignment decreased from $5000 per month to $3,300 per month. The scrap rate related to the hole size decreased from 
0.47% to 0.23% (cost down $35 per month). The downtime for repair was reduced from 20 hours per month to 7.5 hours 
per month (cost down $10 per month). Broken drill rate was reduced from 0.20% to 0.06% (cost down $100 per month)—
with a total cost down 145 USD per month. 

Improving power quality and reducing harmonics at the source is an urgent issue and is the study’s main limitation. 
Improving the stability of the power quality monitoring measurement system in real-time and linking the voltage 
measurement results to the digital numerical control system is also considered a future research direction. Improving the 
accuracy of the computer vision system and applying the computer vision system to check product quality at the 
machining line, the test results from the computer vision system are reflected to the digital numerical control program to 
update. Real-time machine dimensional tolerance updating is also considered a promising future study. 
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