
Received 8 April 2024, accepted 11 April 2024, date of publication 15 April 2024, date of current version 10 May 2024.

Digital Object Identifier 10.1109/ACCESS.2024.3388846

Enhancing Power Quality in Industry
4.0 Manufacturing Using the Multi-
Criteria Selection Method
MINH LY DUC 1,2, PETR BILIK 2, AND RADEK MARTINEK 2, (Senior Member, IEEE)
1Faculty of Commerce, Van Lang University, Ho Chi Minh City 700000, Vietnam
2Department of Cybernetics and Biomedical Engineering, Faculty of Electrical Engineering and Computer Science, VSB–Technical University of Ostrava, 708 00
Ostrava, Czech Republic

Corresponding author: Minh Ly Duc (minh.ld@vlu.edu.vn)

This work was supported in part by the Ministry of Education of the Czech Republic under Project SP2024/070, and in part by European
Union through the REFRESH—Research Excellence for Region Sustainability and High-Tech Industries via the Operational Programmed
Just Transition under Project CZ.10.03.01/00/22_003/0000048.

ABSTRACT Industry 4.0 technology is growing rapidly in the manufacturing industry and other businesses.
Devices used in Industry 4.0 are manufactured with high-frequency switching functions and generate
harmonics that negatively affect power quality. Choosing the direct or parallel connection method of the
harmonic current absorber depends on the specific requirements of the system and the goal of improving
power quality. Shunt Active Power Filter (SAPF) is the best device currently used to improve power quality.
This study proposes to use the fuzzy-rough MARCOS method to make decisions on SAPF selection based
on experts’ opinions to improve the quality of power sources at the source of smart manufacturing plants
using Industry 4.0 devices. This study implements two decision-making methods in Multi-Criteria Decision-
Making (MCDM). The first is the SWARA method (Stepwise Weight Assessment Ratio Analysis), and
the second is the MARCOS method (Measurement Alternatives and Ranking According to Compromise
Solution). The fuzzy-rough method is used to incorporate uncertain information into the results of decision-
making and to use linguistic values. The analysis results of the fuzzy-rough SWARA method show that the
price factor and power filter range has the greatest influence on the choice of SAPF for harmonic mitigation.
Analysis results from the fuzzy-rough MARCOS method show that manufacturer Schneider Electric has the
best features according to the evaluation results from decision makers. Sensitivity analysis methods were
used to confirm the findings. The harmonic value THDi displayed in the field after installing the harmonic
filter is, respectively, THDi1 = 5%, THDi2 = 6%, and THDi3 = 5%, it meets the regulations of Circular
30/2019/TT-BCT. According to this circular, the requirement for total harmonic value (THDi) is below 12%.
With THDi1, THDi2, and THDi3 values all below 12%. In operating electrical systems in production and
business environments, using SAPF filters for harmonic mitigation helps improve power quality. The fuzzy-
rough method is applied, and the decision maker’s decisions are used to adjust the intention to use the SAPF
set to suit the conditions.

INDEX TERMS Shunt active power filter, fuzzy–rough MARCOS, harmonic mitigation, power quality.

I. INTRODUCTION
As Industry 4.0 technology continues to develop, switching
devices are also growing exponentially to meet the devel-
opment of Industry 4.0 technology [1]. Switching devices
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generate noise signals, called harmonic currents. Harmonic
currents arising in the power source cause complex effects
and cause the quality of the power source to deteriorate.
Devices that use electricity have poor power quality due to
harmonic currents, making the device’s operation unstable,
possibly exploding, and unstable performance [2]. The
development of Industry 4.0 technology is not only in the
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manufacturing industry, but Industry 4.0 technology is devel-
oping and penetrating all industries, Electrical equipment in
industries that use Industry 4.0 technology is affected by
harmonic currents generated by switching devices in Industry
4.0 technology [3]. Electronic devices or devices that use
power sources always perform well when they are provided
with a quality power source according to IEEE 519:2022
standards [4], which is a Total Harmonic Distortion (THD)
value of less than 5%. However, in the power transmission
network system, many switching devices, such as inverters,
contactors, and power conversion devices are used. Devices
that affect the quality of the power source and affect the THD
value may exceed the standard value. Controlling the THD
value within the allowable standards of IEEE 519:2022 is
necessary [5]. Due to the characteristics of the power quality
of different types of power sources and power-using devices
in the power system, it is necessary to use appropriate THD
reduction devices, along with the economic value of the
device’s controlled THD value [6]. Researchers and power
manufacturers are always looking for the best solution to
transmit power to devices using the best power quality. This
also depends on the type of load (equipment using electricity)
in the power source, giving rise to a THD value higher than
the 5% value [7], [8], [9].
Electric motors and electrical equipment use electricity

to operate. The stable quality of the power supply makes
the performance of electric motors and electrical equipment
better and more stable [10], [11]. This process contributes
to the development of mechanical energy applications,
production, and business efficiency, enhancing productivity
and efficiency in Industry 4.0 technology [12]. The IEEE
519:2022 standard addresses the issue of harmonic currents
in power sources, particularly in high-frequency switching
devices harmonic current control with THD values less
than 5% is crucial for sustainable development, as higher
values can cause overvoltage and explosions in electrical
equipment, posing significant risks to consumers [13], [14],
[15]. Researchers, power producers, and manufacturers aim
to minimize THD in power sources below 5%. However,
no research has eliminated THD values, indicating that power
quality is not always guaranteed [16]. To improve power
source quality, active filters like Shunt Active Power Filters
(SAPF) are used, focusing on minimizing harmonic current
value and ensuring power quality. In Vietnam, researchers
are exploring the use of a SAPF filter in conjunction with
modern control to extract components from power sources.
This system compensates for harmonic currents, ensuring
stable voltage and current signals [17]. However, the high cost
and complexity of the filter’s implementation pose challenges
for small and medium-sized companies with low technical
qualifications. Researchers are concerned about the stability
of the power supply in Vietnam, as it affects the performance
of SAPF. An unstable power supply can lead to a loss of
capacity and increased electricity costs [18]. Additionally,
conflicts in frequency, voltage, or current can pose chal-
lenges for the device, which uses Industry 4.0 technology.
Researchers are working on improving the quality of power

sources to address the final concern of vibration in SAPF
filters. The limited capacity of 9 manufacturers and the
potential for high costs make maintenance and replacement
difficult. This is a hot topic for researchers and power
producers [19].

This study analyzes and promotes the use of SAPF filters
in harmonic mitigation activities in power sources to improve
quality (absorb harmonic current to assure THD values to
less than 5% to meet IEEE 519 standards: 2022) power
supply for electrical appliances. The purpose of this research
is to select a suitable SAPF type for use in power sources
in Vietnam to help the sustainable development process in
the power supply system. SAPF filters are manufactured by
famous electrical equipment manufacturers, and choosing a
type of SAPF filter that is technically suitable for the power
system in Vietnam is a challenge. In this research article,
the author proposes to use a combination of fuzzy–rough
methods [20] in analyzing the characteristics to choose the
appropriate SAPF set based on two methods: fuzzy–rough
SWARA and MARCOS methods. The fuzzy–rough method
is used to decide on the appropriate SAPF type based on
the criteria of the user of electrical equipment to have the
electrical equipment with the best operating performance
based on the use of a power source with guaranteed power
quality according to IEEE 519:2022 standards. Therefore,
when choosing the appropriate type of SAPF according
to the fuzzy–rough method for power sources in Vietnam,
in addition to technical factors, technical specifications of
the SAPF set also depend on the usage conditions and needs
of the electrical equipment user. In which, fuzzy and rough
methods are used with linguistic variable values obtained
from the final analysis results, fuzzy–rough methods in
uncertain environments in decision-making activities. The
fuzzy–rough method is implemented with the integration
of the advantages of the two fuzzy methods and the rough
method, and these two methods complement each other in
the process of making decisions in an uncertain environment.
The implementation objectives of the fuzzy-rough method in
decision-making activities in an uncertain environment are
shown as follows:

• Power quality is improved (THD value is less than 5%
meeting IEEE 519:2022 standards) after selecting and
using the correct type of SAPF in the power source.

• The fuzzy–rough method is considered an improved
method proposed to be used to analyze and select the
appropriate type of SAPF set.

• The fuzzy–rough method is used in the process of
analyzing and adjusting the decision-making process of
selecting a SAPF according to technical factors and the
intention of the user of electrical equipment.

• Choose the best type of harmonic mitigation equipment
for power sources in Vietnam.

• Promote the use of SAPFs in minimizing THD values in
power sources and improving power quality.

The research article is structured in the following sections:
Section II presents the context of the research. Section III
details the characteristics of the fuzzy–rough method and
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related methods. Section IV presents a case study result.
Section V selects the criteria of the SAPF set, performs
sensitivity analysis for the selection criteria and evaluates the
results of the study. Section VI presents the discussion and
results of the research. SectionVII details the conclusions and
limitations of the study as well as proposes future research
directions.

II. GUIDELINES FOR MANUSCRIPT PREPARATION
A. POWER QUALITY
The quality of a power system directly impacts the perfor-
mance of electrical equipment [21]. A THD value below 5%,
as per IEEE 519:2022 standards, ensures efficient operation
and long equipment life. Improving the THD value is
crucial for a sustainable power system. EMI filters, isolation
transformers, active power filters, and harmonic filters are
recommended for reducing harmonic components [22], [23],
[24]. The Industrial Isolation Transformer is a crucial device
for minimizing THD values in power sources, as per IEEE
519:2022 standards. It offers various types of EMI filter
devices, including high-current, low-current, PCB, enclosure,
DC, and cable EMI filters, and is suitable for various
applications such as industrial, medical, appliance, audio,
networking, and solar power systems [25], [26], [27].
In uncertain environments, switching devices like transis-

tors and IGBT are crucial for power quality assessment in
industries like Industry 4.0 manufacturing, ensuring fast and
harmonic currents [2], [28]. Previous research by the IEEE
has shown that current control and frequency control are
effective in reducing THD in an Industry 4.0 environment.
These control properties, combined with SAPF, contribute
to improved power quality and efficiency, meeting IEEE
519:2022 standards for power sources.

The urgent content of improving power quality in factories
is addressing issues caused by electrical loads, particularly
harmonic currents, which can lead to issues such as
fire, explosion, low device performance, and equipment
longevity, highlighting the need for sustainable development
and improved power distribution systems. Apply methods
to minimize phenomena that affect electricity quality and
specifically use SAPF devices to absorb harmonic current
to assure the THD value in the power source to meet
IEEE 519:2022 standards below 5%, then the quality of
power supplied to electrical loads brings strengths such as
operational reliability and stability, increased equipment life
and performance, energy savings, reduced electromagnetic
interference, and compliance regulations and standards.

From the analysis results of previous studies, it can be
concluded that improving the quality of power sources [29]
means improving the efficiency of electricity-using loads and
reducing harmful effects in the electricity use and distribution
environment of power sources, helping to develop a sustain-
able power system. Thus, electricity quality is an important
factor in production and economic development at smart
factories, where equipment using Industry 4.0 technology is
used and developed. Using SAPF to absorb harmonic current

to assure THD values to less than 5% to meet IEEE 519:2022
standards is an urgent requirement.

B. HARMONIC CURRENTS
The quality of the power source in the distribution system [30]
to the load’s using electricity is subject to many internal
and external influences, causing poor power quality (Tab. 1).
Identifying the impacts and identifying the functions of the
impacts is necessary to find ways to reduce the impacts of the
functions on the power source to help improve power quality,
ensuring the THD value is below 5% tomeet the requirements
with IEEE 519:2022 standard.

Harmonic currents arise in power sources from electrical
devices that perform high-switching functions [31]. At each
switching, and number of harmonic currents is generated,
and the faster and more the switching, the corresponding
harmonic currents is generated. In manufacturing and busi-
ness environments using Industry 4.0 technology, a lot of
switches are used because they are the basic function of
Industry 4.0 technology [32]. Harmonic currents directly
impact factors [33] such as Electrical Equipment, Power
Loss, Electromagnetic Interference, Voltage and Current,
Power Factor, and Temperature. Therefore, reducing the
harmonic current value in the power source will reduce the
influence of the above factors. THD value is the main element
of the harmonic currents, so absorbing harmonic current to
assure the THD value in the power source to less than 5%
according to IEEE 519:2022 standard ensures that the power
source delivers power quality that meets the requirements and
eliminates harmful factors dynamics inside and outside the
power source affect power quality.

SAPFfilter is a type of device [13] used to absorb harmonic
current value and improve power quality. The SAPF is a
variation of the content filter, but it can work proactively to
remove unwanted content components in the power source.
SAPF works by measuring and analyzing the input power
signal to determine its content components. It then generates
counter-response signals to eliminate or minimize these con-
tent components. This process ensures that only fundamental
frequency components and less noise exist in the output
power supply. SAPF is commonly used in power systems
with non-linear loads such as inverters, high-power electronic
devices, and unbalanced loads. The main applications of
SAPF [34] include absorbing harmonic current to assure
THD values under 5%. SAPF removes unwanted content
components such as wavelengths, triangular waves, and
higher frequency components, helping to absorb harmonic
current to assure THD values under 5% in power sources.
Improved power factor: SAPF is also capable of correcting
the power factor of the power system by generating averaging
currents and delaying the phase to achieve a power factor
close to 1. Voltage Stabilization: SAPF can maintain stable
voltage levels in the power system by regulating current
flow and minimizing voltage fluctuations. SAPF is often
integrated with complex algorithms and control technologies
to achieve good performance. It is an effective solution to
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TABLE 1. Factors affecting electricity quality.

absorb harmonic current values and improve power quality
in industrial and commercial power systems (Fig. 1).
The SAPF functions as a power controller and performs

the function of generating a compensation current of equal
magnitude but opposite to the actual harmonic current that
will load the connection to the generated power source [35].
The SAPF model is mounted on the distributed power system
according to Figure 1. The voltage source inverter (VSI) in the

SAPF is designed with a series inductor (Lf) and a DC link
capacitor (Cdc) connected in parallel at the common coupling
point (PCC), VSI plays a very important role in the harmonic
current’s reduction operation of the SAPF.

FIGURE 1. Basic SAPF model.

• Voltage Source Inverter (VSI): VSI is designed with
6 two-way switches. Depending on the usage needs
according to power standards, VSI uses different types
of switching devices such as IGBT, MOSFET, or GTO.
VSI controls SAPF operations based on the switching
time of the above types of inverter switches. Inverter
switches often operate with high frequency switching
to meet the desired voltage levels. However, when
performing an actual operation, the voltage changes are
limited by the Vdc voltage, switching frequency, and
modulation strategy.

• DC-link Capacitor (Cdc): Usually manufacturers or
designers choose large-sized capacitors. However,
to control whether the Vdc value always changes little
or does not change, it is necessary to control its value
within a certainmaximum andminimum limit. Themain
functions of the Cdc function are: (i) The ripple value of
the Vdc value is maintained in a constant configuration.
(ii) Performs as an energy storage function to support
or compensate to minimize the imbalance in operating
capacity of the electrical system in a temporary
condition and ensure the system operates without
interruption disturbed, and (iii) supports providing a
compensation amount so that the reactive power is
always guaranteed to be in a stable operating state and
guaranteed to be correct under transient conditions.
The value used to select the appropriate Cdc value for
operation is carried out according to formula (1). The
current at the common coupling point (PCC) and the
modulation index (m) in the voltage source inverter
(VSI) directly impact the selection of the Vdc value. Vdc
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value is calculated according to formula (2).

Cdc =
ic

√
3 × ωt × Vdc,max

(1)

Vdc =

(
2

√
2
3

× VLL

)
× m (2)

where: Vdc,max : Maximum value of the Vdc. ic: Compensation
current. ω: Angular frequency and t: Recovery time.

• Series Inductor (Lf): Lf performs the function of
attenuating frequency components in the switching
current at the power supply (AC source). Lf is connected
directly between the VSI and the AC source to ensure
control of the current from the input power supply and
improve the enhancement of the current. Control the Lf
value by adjusting the voltage value in the inductor and
the current in the VSI set, the Lf value is calculated
according to formula (3).

Lf =
Vdc

2 × (1Ir,max) × fs,max
(3)

where, 1Ir,max : Change the maximun ripple’s current. fs,max :
Maximum switching frequency.

The control flow diagram of the SAPF when connected
to the power source (AC) performs the function of reducing
harmonic currents arising in the power source (is), the SAPF
creates a compensation current (ic) to supply to the PCC
position with a corresponding value with the amount of
current reduced by the harmonic currents and vice versa with
the power source (is). The basic equations used in SAPF to
perform the compensation current compensation function are
shown in detail according to the steps in Table 2.
The compensation current is extracted from the SAPF

according to formula (4). There are three main configured
blocks in SAPFS: Reference Current Generation (RCG)
block, Vdc control block, and PWM signal generation
block.

C. APPLICATION OF MCDM METHODS TO SELECTION OF
SAPF FOR HARMONIC MITIGATION
To choose a type of device to reduce harmonic currents [36] in
the power source, many related characteristics of that device
need to be considered. These criteria are used as criteria
for decision makers to select equipment to absorb harmonic
current to assure the THD value in the power source. To make
the selection of the appropriate equipment type according to
specific criteria, the multi-criteria decision making (MCDM)
method [37] is preferred in practice. In this paper, the author
also provides a systematic review of previous studies in using
the MCDM method for SAPF filter selection.

A range of studies have explored the application of
multi-criteria decision-making (MCDM) in various contexts.
Hashemizadeh and Yu [38] proposed a method for project
portfolio selection in construction, combining MCDM with
GIS. Singh et al. [39] used MCDM to select suppliers in
a TV manufacturing organization, while Tian et al. [40]
applied MCDM to rank software defect detection algorithms.

TABLE 2. Step by step of SAPF operation.

Jelassi et al. [41] developed an expert system for selecting
MCDM methods. These studies collectively demonstrate the
versatility and effectiveness of MCDM in decision-making
processes. Huang et al. [42] used a fuzzy MCDM framework
to select a CMOS sensor for embedded camera modules,
while Nallusamy et al. [43] applied AHP, Fuzzy Logic, and
ANN to supplier selection in manufacturing. Yadav et al. [44]
used Fuzzy AHP and Topsis to select a suitable metal matrix
composite for design applications, and Villacreses et al. [45]
applied MCDM methods to select materials for a multi-
tubular packed-bed Fischer-Tropsch reactor. These studies
demonstrate the versatility and effectiveness of MCDM
methods in complex decision-making processes. There has
been no previous specific research using the MCDM method
to select a suitable SAPF filter to absorb harmonic current
to assure the THD value in the power source. This study
presents an overview of applying theMCDMmethod to select
criteria to select the appropriate SAPF type for power sources
in Vietnam.
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A range of studies have demonstrated the effectiveness
of Shunt Active Power Filters (SAPF) in reducing Total
Harmonic Distortion (THD) in power systems. Bajaj and
Singh [46] both highlight the use of advanced control
methods, such as Particle Swarm Optimized Artificial Neural
Network Controller and Lyapunov-function-based control,
to enhance the performance of SAPF to absorb harmonic
current to ensure THD value under 5%. Rahman et al. [47]
further explore the application of SAPF in grid-connected
photovoltaic systems, with the former using a Fuzzy Logic
Controller for maximum power point tracking and the latter
employing a multi-level inverter. These studies collectively
underscore the potential of SAPF to absorb harmonic current
to assure THD value in various power system configurations.

Previous studies have proven that applying SAPF to
absorb harmonic current to assure THD values below 5%
according to IEEE 519:2022 standard in power sources
brings many benefits in terms of contents such as stable
operation of the power system and minimizing the negative
effects of power disturbances. Enhances power quality and
reduces interruptions in the operation of sensitive electronic
devices. Save energy and reduce operating costs. Integrate
into the system flexibly and respond quickly to changes
and variations in the electrical system, extending the life
of devices, and reducing the risk of failures and incidents.
SAPF is necessary to be used in improving power quality
because of the following factors absorbs harmonic current to
assure THD value and makes the power system more stable.
Helps absorb harmonic current to ensure THD values caused
by inverters and maintain better power quality. Effectively
absorb harmonic current to assure THD value without
affecting the operation of other devices in the electrical
network. By absorbing harmonic current to assure the THD
value, SAPF helps enhance power quality protects devices
from negative impacts and ensures that the power system
meets the requirements and regulations of industry or relevant
national standards related to THD value.

Criteria for operating a SAPF filter [48] in a power system
that helps improve the efficiency and performance of the
power system include ensuring that the input voltage and
frequency of the SAPF correspond to the requirements of
the equipment, voltage The input of the SAPF is linked
to the main power supply of the system. Ensure that the
SAPF is configured correctly to meet the operational needs
of the power system. Ensure the SAPF complies with safety
regulations and is properly installed to prevent electrical
risks and protect users and equipment. Ensure control and
adjustment are carried out accurately and continuously
to maintain the performance and reliability of the SAPF,
and Periodic maintenance and inspection will help detect
problems early and ensure that the SAPF operates stably and
effectively.

Criteria used to select compatible SAPF in SAPF appli-
cation to absorb harmonic current to assure THD value in
power sources. Previous studies have demonstrated that some
specific parameters for selecting the SAPF are appropriate to
the characteristics of the power source and the SAPF such

as analyzing and evaluating power disturbances in the power
system. Evaluate load characteristics in the power system,
including power factor, frequency, and load variability.
Based on the need to control power disturbances and
improve the power factor, the required capacity of the SAPF
can be determined. Review SAPF specifications, such as
conversion efficiency, component reliability, and auto-tuning
capabilities. Consider the economic benefits that SAPF can
bring compared to the costs involved. Choosing to comply
with electrical safety standards and related regulations,
it is necessary to ensure that the SAPF meets the safety
requirements and operates safely in the power system, and the
Specialist can provide detailed information and appropriate
recommendations based on the specific requirements of the
electrical system.

In this study, the goal is to select a suitable SAPF to absorb
harmonic current to ensure the THDvalue in the power source
meets the IEEE 519:2022 standard.

D. RESEARCH GAPS
Vietnam’s power quality is impacted by various issues,
including technical issues, load fluctuations, and natural
disasters. Disruptions in the power system, short-term
instability, and uncontrolled load fluctuations can lead to
power supply instability. Effective load management and
natural disasters can mitigate these issues [49]. Vietnam is
implementing various methods to improve power quality,
including absorbing harmonic current to ensure THD values.
This is achieved through Vietnam-applied electricity quality
standards and regulations, investments in power infras-
tructure, advanced technology, effective load management,
periodic inspection and maintenance of electrical equipment,
and increased awareness and training for employees [50].
However, the power quality situation in Vietnam remains
unstable, with numerous battery fires and explosions occur-
ring in power sources andmanufacturing plants. Despite these
efforts, the country still faces challenges in detecting and
resolving power quality issues [51].
Specifically, Vietnam power source report in 2019 [52],

electricity produced and imported throughout the system
reached 239.9 billion kWh, an increase of 2.37 times
compared to 2010. Commercial electricity output reached
209.77 billion kWh, an increase of 2.46 times compared to
2010 compared to 2010, corresponding to an average growth
of 10.5% in the period 2010 - 2019. Average commercial
electricity output per capita increased 2.2 times, from
982 kWh per person (2010) to 2,180 kWh per person (2019).
Currently, 100% of communes and 99.52% of households,
of which 99.25% of rural households are across the country,
have electricity. However, in the context of the existing risk
of electricity shortage in the 2021-2024 period (in 2021,
the output shortage will be about 370 million kWh and the
highest shortage will be up to 13.3 billion kWh in 2023,
in 2024 the shortage will decrease). remaining 11 billion
kWh), EVN representative proposed increasing electricity
imports from countries in the region; Encourage solar power
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projects to increase installed capacity to about 14,500 MW
by 2023.

Power shortages in Vietnam are a result of economic
growth, industry development, population growth, a lack of
production capacity, technical problems, weather conditions,
and natural events. To mitigate these issues, measures include
investments in power infrastructure, increased renewable
energy development, effective load management, improved
project approval processes, strengthening electrical system
maintenance, and developing disaster response plans. Imple-
menting a SAPF filter and modern controls can provide the
most benefits [52].

Eachmanufacturer has its own characteristics and products
tailored to specific requirements. When selecting equipment,
it is important to consider the specific requirements of
the electrical system and learn about each manufacturer’s
features, performance, and reliability to choose the most
suitable solution. Their products are designed to minimize
harmonics and improve power quality in industrial environ-
ments. However, choosing the right manufacturer depends on
many factors, such as the scale and specific requirements of
the industrial application. Learn more about manufacturers
and their products to choose the most suitable one for your
industrial application.

Many methods and approaches rely on the criteria of the
load source used and the characteristics of the SAPF to
select and install the SAPF filter. All the above methods are
based on the experience of experts. However, the fuzzy-rough
method has not been applied in SAPF selection until now.
This method selects based on the technical characteristics
of the SAPF filters in that their performance in absorbing
harmonic current ensures the THD value in the power supply
is similar and does not have significant differences. The
criteria used to select SAPF filters change the final rankings
and result in SAPFs being ranked better or worse relative
to each other, and a special sensitivity analysis is performed
to test the significance of a given criterion in a ranking
of alternatives. The fuzzy-rough method makes regulatory
decision-making suitable for decision-makers, who use only
subjective estimates to make alternative evaluations andmake
choices according to these estimates.

The fuzzy–rough method has been used by many
researchers in previous studies but combining the MARCOS
fuzzy–rough method in SAPF filter selection has not been
done before. Although there are many research articles on
the design, selection, and implementation of SAPF filters
into the power source, they have not been selected using the
MCDMmethod using technical criteria and criteria based on
decision-making of the power source. SAPF filter decision
makers. This study shows an MCDM method that combines
the fuzzy–rough MARCOS approach and is considered the
best method for equipment selection in a production and
business environment. On that basis, the research also offers
a new approach to further develop the MCDM method to
solve multi-criteria decision-making problems with difficult
problems in an uncertain environment. The method of
selecting SAPF filters in absorbing harmonic current to

assure THD values in power sources is not new, however,
the fuzzy–rough MARCOS method is used to decide on the
selection of SAPF filters according to the technical criteria
of SAPF filters and combined with the decisions of decision
makers in uncertain environments are applied in practice
and are highly effective and are considered a transformative
application in real environments. The open approach of this
research helps expand new approaches for future research
directions.

III. RAW MATERIAL AND METHODOLOGY
The research is carried out according to the research model
(Tab. 3), shown through each stage in the research. The first
phase of the study was to carry out the selection of experts
in the field of power quality on SAPF filter applications,
but these experts were also the ones who would evaluate
the limitations of the alternative selection criteria and criteria
for alternative solutions. Next, experts evaluate the criteria
and select alternatives using linguistic variables. Evaluate the
values of the analysis results, first, these values are converted
to fuzzy coefficients, then each number is determined by
the upper and lower limit values and the shape is decided
from the initial decision-making matrix. This matrix is
used in the analysis to determine the weights using the
fuzzy–roughMARCOSmethod and then, to form the ranking
list according to the fuzzy–rough MARCOS method. Finally,
the Analysis Results Analysis Panel identifies the results and
determines their importance using criteria, forming ranked
lists of alternatives through the results of sensitivity analysis.

To carry out the process of researching the MCDMmethod
using the fuzzy-rough SWARA method, the following steps
are specifically carried out: Step 1: Select experts who have
researched and deployed the use of SAPF for over 10 years
and have many scientific achievements in researching and
applying SAPF in harmonic mitigation. These experts are
selected as decision-makers for the constraints on the choice
of alternatives and as decision-makers for the selection of
evaluation criteria for each of those alternatives. Step 2:
Experts are used as evaluators of criteria and alternatives by
relying on the analysis results of linguistic variables. Step 3:
Convert the values of language variables into fuzzy arithmetic
values. Step 4: Determine the upper and lower limits of each
fuzzy arithmetic update and form the initial decision matrix.
Step 5: The initial decision matrix is used as the basis for
the initial analysis in determining the weights that the fuzzy-
rough SWARA method performs.

A. DETERMINE THE INITIAL PARAMETER
In the actual environment of issues that need to be decided
for implementation. Many methods have been and are
being applied. However, in a decision-making environment
with inaccurate information or an uncertain decision-making
environment, the fuzzification method based on the values of
linguistic variables applied to decision-making activities is
effective high fruit. TheMCDMmethod is based on decision-
making opinions from the experts, and the rough aggregation
method is applied to reduce erroneous assessments or
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TABLE 3. Phase by phase of the research model.

decisions made by these experts themselves uncertain
decision-making environments and fuzzy-rough methods
prove useful in analyzing data in ambiguous, uncertain
environments and providing decision information for that
information. This research proposes to use a combination of
the above two methods to analyze and make decisions in an
uncertain environment, resulting in good results in solving
problems of ambiguity and uncertainty.

The new point in this research is that the fuzzy-rough
method builds the upper and lower bounds of the rough
boundary intervals in classical parameters; the individual
fuzzy numbers are clearly identified and evaluated specif-
ically according to the rough approach. According to this
study, the rough method is performed to divide the distance
of odd fuzzy numbers according to clear upper and lower
bounds. Next, the linguistic value variables are converted
into fuzzy set systems that are used for many members in
the calculation method, and the rough method analyzes them
based on upper and lower bounds. The fuzzy-rough method
is used to calculate the upper and lower bound variables,
as described in detail in Table 4.

B. FUZZY-ROUGH SWARA METHODOLOGY
Determining correctly and completely the necessary criteria
in solving decision-making problems is the top concern
and a mandatory requirement of the fuzzy–rough SWARA

TABLE 4. Step by Step of the fuzzy-rough method.
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method. To improve the efficiency of multi-criteria decision-
making for decision-makers, a SWARA method correction
method was implemented in this study to specifically arrange
the criteria in a certain order and their weights are also
compared to clear criteria to help decision-makers easily
recognize the fourth criteria and make decisions accurately.
However, the AHP method compares the weights and criteria
of the problem that needs to be decided with other criteria
and weights of the problem, which leads to inconsistent
evaluation results of the problem issue that needs to be
decided. Find a way to compare criteria in the same issue
at each lower-ranked criterion with the higher-ranked criteria
rather than comparing individual criteria, and this is also
the same urgent issue point in this research. In the case of
improving the SWARA method, the number of comparisons
between criteria is reduced to (n-1) times, however, the
number of comparisons between criteria of the AHP method
is increased (n∗(n-1)). The weakness of the AHP method is
that the number of comparisons between criteria is increasing,
causing the decision-making results to lack consistency and
make it difficult to achieve appropriate decision-making
results. The SWARA method is implemented to address the
above weaknesses of the AHP method (Tab. 5).

C. FUZZY-ROUGH MARCOS METHODOLOGY
An improved version of the MARCOS method has been
implemented in multi-criteria decision-making techniques,
applied to analysis and decision-making for research in
recent time frames, and has been applied by many research
authors. The application is called Fuzzy-rough MARCOS.
The fuzzy-rough MARCOS method gives decision-making
results that are like the research results in multi-criteria
decision-making techniques of other methods and is proven
by an overall assessment of the research results previously
published in the prestigious journal ISI/SCOPUS. The
effectiveness of the fuzzy-rough MARCOS method is good,
but in terms of application, some have not really deployed
it in conducting research and multi-criteria decision-making.
The main purpose of the fuzzy-rough MARCOS method is
to perform a ranking of alternative options based on the
characteristics of ideal solutions and non-ideal solutions. The
value of an alternative solution is in the implementation
of multi-criteria decision-making. The sequence of steps to
implement the fuzzy-rough MARCOS method is presented
in detail (Tab. 6).

IV. CASE STUDY FOR IMPROVEMENT
Electricity Measurement and Testing Company Limited,
headquartered in Ho Chi Minh City, Vietnam, is a leading
manufacturer and distributor of SAPF equipment in Vietnam,
with branches in Hanoi, Da Nang, and its main headquarters
in Ho Chi Minh City. Electricity Measurement and Testing
Company Limited is expanding its offerings and sales
channels on an e-commerce platform, focusing on real-time
power quality assessment and surveying. The company uses
its own staff and quality measurement equipment to analyze
data and choose appropriate equipment for installing, testing,

TABLE 5. Step by step of fuzzy-rough SWARA method.
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TABLE 5. (Continued.) Step by step of fuzzy-rough SWARA method.

and operating the SAPF system. They also offer operation
and maintenance training services. The SAPF system offers
maintenance components and replacement components to
meet customer requirements, ensuring optimal performance
and efficiency.

The market for SAPF equipment is very diverse, and many
large companies in the world produce and supply SAPF
equipment. Choosing the right SAPF type and meeting the
market demand in Vietnam is necessary, so the company has
repeatedly formed a group of experts to evaluate the market
for SAPF equipment from other manufacturing companies
together. The research team includes 9 experts (those who
have installed, operated, and maintained SAPF equipment in
Vietnam), including 4 experts from Electricity Measurement
and Testing Company Limited and 3 experts from the
research laboratory research and technology transfer of a
large university in Ho Chi Minh City, Vietnam, and two
experts working in the electricity industry of the Vietnamese
government based in Ho Chi Minh City, Vietnam.

Among the 4 experts at Electricity Measurement and
Testing Company Limited, they have university degrees
in electricity and electronics graduated from the largest
university in Ho Chi Minh City, Vietnam, and have more than
10 years of experience in direct quality measurement power
supply and implementation of the installation, testing, and
operation of SAPF equipment at customer companies. Quali-
fications: 3 experts from the technology transfer research lab
with a doctorate or higher (2 experts with a doctorate and
1 expert with a professor degree) and more than 15 years of
teaching experience teaching, researching, and transferring
technology related to equipment to improve power quality,
of which more than 80% are SAPF equipment, and 2 experts
from the Vietnamese national power supply and management
company (an employee of the Vietnamese government) have

TABLE 6. Step by step the fuzzy-rough MARCOS method.
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TABLE 6. (Continued.) Step by step the fuzzy-rough MARCOS method.

a university degree and have more than 20 years working in
the power supply, distribution, and transmission industry in
Vietnam, and they have evaluated, accepted, and monitored
operational results. Impact of SAPF equipment directly at
the source and evaluate the impact of SAPF on Vietnam’s
power grid quality. One limitation in research on SAPF
equipment selection is that the power quality of the south
streak is always unstable, and it is difficult to measure directly
for accurate results. Limitations related to the constantly
changing temperature environment in Vietnam, such as the
period from 11:00 a.m. to 3:00 p.m., are that it is a very hot
time frame, causing high power consumption, and during the
remaining time frame, the ambient temperature is normal.
Another limitation is that Vietnam is a country located in the
tropics and often has unpredictable rain and thunderstorms,
and when it rains, it is accompanied by a lot of thunder and
lightning, causing short circuits and lightning. An electrical
explosion can potentially damage SAPF equipment if there is
no good lightning protection mechanism. Another economic
limitation when deploying SAPF equipment is that most
SAPF equipment has a relatively high price, and the finances
of small and medium-sized companies are tight. Financial
issues are always a concern for many business decision-
makers in the company. One limitation that is always the top
concern of decision-makers when installing SAPF equipment
is the operating level of workers at the company. For SAPF
to operate well, maintenance staff is needed and skilled
SAPF equipment supervisors; however, the labor skills of
operators in Vietnam are still weak when it comes to modern
equipment.

In addition to the above limitations, Electricity Mea-
surement and Testing Company Limited also faces another
problem: choosing and providing the appropriate type of
SAPF equipment (there are 9 manufacturers and suppliers
of SAPF equipment in the world) with different quality
and initial investment costs for customers using power
sources in Vietnam is a solution. In addition to providing
main SAPF equipment, there are accompanying services

such as SAPF equipment maintenance and repair services,
providing replacement equipment, and providing SAPF
equipment operation training services to customers when
needed. Selecting variations in SAPF equipment types from
different manufacturers requires the expert to comprehen-
sively consider the various SAPF equipment manufacturing
and supplying companies in the world (Tab. 7). The results of
the experts’ evaluation are the input data source for decision-
makers in the company to make decisions to invest in SAPF
equipment to improve the quality of the power supply that the
company is using.

TABLE 7. List of SAPF equipment manufacturers.

Experts plan and specifically select criteria to evaluate
and compare SAPF types appropriately and meet the power
quality status in Vietnam (Tab. 8)

The evaluation criteria for selecting a SAPF device
considers the high cost of installation, which can reach several
hundred thousand USD, despite meeting power quality
requirements and being equipped with special features.
SAPF devices are crucial in identifying and detecting
interference signals in electrical signal sources, meeting
urgent requirements for efficient power management. They
filter noise signal components and adjust energy consumption
to save costs. SAPF devices are essential for distributed
power sources, ensuring high-quality electrical signal sources
and efficient power management. An urgent requirement for
the SAPF device is the implementation of a filtering function
for voltage and power sources with different frequency levels,
ensuring accurate and complete filtering of noise signals,
and compensating current or voltage to enhance internal
signal source shape. SAPF equipment’s performance quality
is significantly influenced by the stability of power quality in
the power source, which is an important criterion for ensuring
efficient use of energy and reducing costs associated with
electricity consumption. SAPF equipment is crucial in the
Vietnamese electrical system, filtering noise and improving
power quality. It must comply with regulations set by the
Vietnamese government and the world, ensuring the safety
and quality of power sources. As a developing country, many
companies invest in Vietnam’s power system. Advanced
technologies, including SAPF devices, are being utilized
in business factories for efficient distribution in Vietnam,
addressing complex conditions and noise signals.
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TABLE 8. List of criteria used to evaluate and select SAPF equipment.

To calculate the economic benefits of Shunt Adaptive
Power Filter (SAPF), through financial analysis tools. Save
energy while reducing energy loss in the power system,
improve power system performance by minimizing voltage
loss and increasing power factor, minimize equipment
damage and reducing the life of devices electricity in the
system, protect equipment from negative impacts, reduce
maintenance costs and downtime, and to overall evaluate the
economic benefits of SAPF, you can use methods such as
return on investment (ROI) and net present value (NPV). ROI
calculates the rate of return over the cost of an investment,
while NPV calculates the present value of net cash flows after
taxes.

SAPF device implementation in the Vietnamese mar-
ket faces specific challenges, particularly in practicality.
Decision-makers at manufacturing and business companies
struggle to overcome the high cost of this equipment,
which is not yet practical in the market. The deployment
of SAPF equipment in Vietnam requires careful consid-
eration of initial investment price and financial resources.
Universities in the southern region struggle with limited
training programs due to high costs, making them less
popular than passive filters. SAPF technology filters noise
signals in power supply equipment, reducing electrical
noise in production processes. However, initial invest-
ment costs, operating capacity, delay in noise handling,

and maintenance limitations must be considered during
installation.

Electricity Measurement and Testing Company Limited’s
efforts to select SAPF equipment to meet customer needs
in the Vietnamese market are carried out in five specific
steps, as follows: Step 1 is to evaluate and determine the
importance of the criteria to select SAPF equipment and
perform an evaluation of alternative solutions after analyzing
and selecting alternative solutions based on the selected
criteria and the evaluation table ranked according to linguistic
variables (Tab. 9). Step 2 determines the mathematical
equations of the members in the set of fuzzy numbers
of the corresponding ranking table and converts the value
from the linguistic variable to the corresponding fuzzy
variable. Step 3 applies the rough method to calculate and
determine the values of the upper and lower limits of each
fuzzy arithmetic, respectively. Step 4 applies the Fuzzy-
rough method to evaluate and determine the weights of the
criteria and perform the ranking of SAPF equipment types
of individual suppliers, and Step 5: Evaluate the results
experimental research results and conduct sensitivity analysis
to re-examine the impact of certain criteria on the results
of SAPF device selection. The above steps were applied
experimentally by Electricity Measurement and Testing
Company Limited to evaluate and select SAPF equipment
suitable for current conditions in the Vietnamese market.

63182 VOLUME 12, 2024



M. L. Duc et al.: Enhancing Power Quality in Industry 4.0 Manufacturing

TABLE 9. Language variables and their character functions.

TABLE 10. First fuzzy decision matrix.

The values of the criteria are evaluated in order of priority:
the larger the criterion value, the better, but conversely, the
smaller the value of the alternative solutions, the better. The
above regulations are applied to evaluate the analysis results
based on data in Table 9.

V. RESULT
Determining the weights of the criteria is the first step that
needs to be done correctly, and the fuzzy-rough SWARA
method is applied to evaluate and determine the weights
of the applied criteria used in this study. Experts rely on
the results of analysis and ranking of linguistic variables,
perform assessments, and determine the importance of
criteria (Tab. 10). This result is converted from linguistic
variables to fuzzy numbers by operations based on the
member’s contact functions.

The fuzzy number is calculated after the linguistic
variables are converted to fuzzy numbers and done as follows
for variable C1.

The rough limit value is calculated for the fuzzy number
‘‘l’’:

LimDM1 =
1 + 1 + 0 + 0 + 1

5
= 0.59

LimDM2 =
1 + 1 + 0 + 0 + 1 + 2

6
= 0.82

LimDM3 =
1 + 0 + 0 + 1 + 1

5
= 0.59

LimDM4 =
1 + 1 + 1 + 0 + 0

5
= 0.59

LimDM5 =
0 + 0
2

= 0.00

LimDM6 =
0 + 0
2

= 0.00

LimDM1 =
1 + 1 + 2 + 1

4
= 1.24

LimDM2 =
2
1

= 2.0

LimDM3 =
1 + 1 + 1 + 2

4
= 1.24

LimDM4 =
2 + 1 + 1 + 1

4
= 1.24

LimDM5 =
1 + 1 + 2 + 1 + 0 + 0

6
= 0.82

LimDM6 =
0 + 1 + 0 + 1 + 2 + 1

6
= 0.82

The rough limit value is calculated for the fuzzy number
‘‘m’’:

LimDM1 =
2 + 1 + 1 + 2 + 2

5
= 1.59

LimDM2 =
3 + 2 + 2 + 1 + 1 + 2

6
= 1.82

LimDM3 =
1 + 1 + 2 + 2 + 2

5
= 1.59
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TABLE 11. Construct the initial rough fuzzy decision matrix of the SWARA method.

LimDM4 =
2 + 1 + 1 + 2 + 2

5
= 1.59

LimDM5 =
1 + 1
2

= 1.00

LimDM6 =
1 + 1
2

= 1.00

LimDM1 =
2 + 2 + 3 + 2

4
= 2.24

LimDM2 =
3
1

= 3.0

LimDM3 =
3 + 2 + 2 + 2

4
= 2.24

LimDM4 =
2 + 2 + 3 + 2

4
= 2.24

LimDM5 =
3 + 2 + 2 + 2 + 1 + 1

6
= 1.82

LimDM6 =
2 + 3 + 2 + 1 + 2 + 1

6
= 1.82

The rough limit value is calculated for the fuzzy number
‘‘u’’:

LimDM1 =
2 + 3 + 3 + 3 + 2

5
= 2.59

LimDM2 =
3 + 4 + 3 + 3 + 2 + 2

6
= 2.82

LimDM3 =
3 + 3 + 2 + 3 + 2

5
= 2.59

LimDM4 =
2 + 3 + 3 + 3 + 2

5
= 2.59

LimDM5 =
2 + 2
2

= 2.00

LimDM6 =
2 + 2
2

= 2.00

LimDM1 =
4 + 3 + 3 + 3

4
= 3.24

LimDM2 =
4
1

= 4.0

LimDM3 =
3 + 3 + 4 + 3

4
= 3.24

LimDM4 =
3 + 4 + 3 + 3

4
= 3.24

LimDM5 =
3 + 3 + 3 + 3 + 2 + 2

6
= 2.82

LimDM6 =
4 + 3 + 3 + 3 + 2 + 2

6
= 2.82

Calculate all the decision-makers average values and
construct a rough fuzzy decisionmatrix (Tab. 11). Arrange the
criteria in Table 11 in order and evaluate the values according
to the standard value. The value is the smaller, is the better.
Evaluate each criterion one by one with each corresponding
value to determine the best alternative solutions correctly and
completely.

The analysis results of Table 11 show that the result of
criterion C3 [(0.19,1.08), (1.19,1.99), (2.19,3.44)] gives the
smallest value, followed by the second smallest position
is criterion C1 [(0.42,1.19), (1.39,2.19), (2.39, 3.20)], and
the third smallest is criterion C10 [(0.29,1.29), (1.28,2.28),
(2.29, 3.76)], and the value of the criterion giving the highest
value is criterion C2 [(1.59,2.59), (2.58,3.59), (3.58,4.99)].
Normalization of the initial value of the fuzzy poetry of the
decision matrix is performed. The value of criterion C1 is
calculated by dividing by the mean value and the value of
C1= [(0.08, 0.33),(0.40, 0.84),(0.93, 2.00)]. Other values are
similarly normalized and then the FRN normalization matrix
(Nj) is formed.

The value of target C3 is copied and performed to
form the matrix FRN (Rj). value of criterion C1: [(0.08,
0.33),(0.40, 0.84),(0.93, 2.00)] + [(1, 1),(1, 1),(1, 1)] =

[(1.08, 1.33),(1.40, 1.84),(1.93, 3.00)], and the values of other
criteria are also calculated similarly. The decision matrix is
formed by copying the original values (Tab. 12). The value of
criterion C1 is recalculated and gives the value FRN (C1) =

[(0.33, 0.52),(0.54, 0.72),(0.75, 0.92)].
Continue calculating the values in the matrix FRN (<j)

again according to the same calculation formula. Then the
weight values of the criteria are calculated, and the matrix
FRN (Wj) is formed. This matrix is formed by calculating the
individual values of similar performance criteria according
to the formula for calculating the value of criterion C1 as
FRN (WC1)= [(0.055, 0.153),(0.169, 0.339),(0.366, 0.626)],
and all the weights of the criteria are calculated in the same
way. The analysis results are shown in detail in Table 12,
in which the weight of criterion C3 (solution response) =
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TABLE 12. Weight the final value of the criteria.

TABLE 13. Initial value of the decision matrix of the language of alternatives.

[0.099, 0.198), (0.291, 0.395), (0.399, 0.583)] gives the
price result’s greatest value. The weight of criterion C1
(Price) = (0.047, 0.094), (0.099, 0.381), (0.295, 0.578) gives
the 2nd largest value, and the weight value of criterion C10
(Versatile Operating Functions) = (0.016, 0.079), (0.087,
0.119), (0.174,0.501) is the 3rd largest, and the weight value
of criterion C2 (Speed response to power quality) = (0.001,

0.000), (0.000, 0.009), (0.011, 0.381) gives the smallest
value.

The SAPF filter device was evaluated after calculating
the weight values of the criteria. First, evaluate the criteria
that have been selected using the observation plan and from
the evaluation results of experts using linguistic variables
(Tab. 13).
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TABLE 14. Initial value of the fuzzy coarse decision matrix for the alternative solution.

The next step in performing evaluation using the fuzzy-
rough SWARA method is to convert the values of the
linguistic variables into fuzzy numbers and calculate the
upper and lower bound values of the fuzzy numbers using
the fuzzy-rough method. The fuzzy values are calculated and
given different values based on the membership function of
the calculation (Tab. 9). The next step is to calculate the
rough fuzzy values using the fuzzy-rough SWARA method
to form the initial fuzzy-rough decision matrix. From the
analysis results of this matrix table, ideal solutions and anti-
ideal solutions are formed and determined (Tab. 14). From the
results of this analysis, when evaluating the criteria according
to the level of cost significance, follow the criterion that the
lower the price alternatives, the better, and conversely, when
evaluating according to the benefit level, the lower the price.
The value of the alternative should be as large as possible.
In addition to the above two cases, the alternative is an anti-
ideal plan.

The next step is to normalize the rough fuzzy decision
matrix using the fuzzy-rough SWARA method. Depending
on each type of criterion, different standardization processes
are performed to meet the cost or benefit criteria (Eq.
23 and Eq. 24). Performing normalization for criterion C1
minimizes the value of criterion C1 according to the cost
criterion and creates the value C1 = (1.9, 3.5) (3.5, 4.5)
(4.5, 6.2) divide the value of criterion V1 by this value
and produce the normalized value of nij = [(0.24, 0.78),
(0.78, 1.28), (1.28, 3.28)], and perform normalization for all
other values following the same formula for other criteria
and alternatives. The weight of the normalized matrix is
calculated by multiplying the number with the normalized
values of the raw fuzzy decision matrix: raw fuzzy value C1
= [(0.24, 0.78), (0.78, 1.28), (1.28, 3.28)] × [(0.06, 0.15),
(0.17, 0.34), (0.37, 0.63)] = [(0.01, 0.12), (0.13, 0.43), (0.47,
2.05)].

The decision matrix has similar calculated parameters
for the weights of the alternatives and other criteria. The
usefulness value of the criteria in the decision matrix is
also determined specifically (Tab. 15). The total alternatives
include both ideal alternatives and counter-ideal alternatives

for the values of the criteria in the decision matrix. Equation
26 is applied to calculate the total value of ideal alternatives
with utility value levels for ideal alternatives, and math
equation 27 is applied to calculate the sum of utility level
values application of the criteria of anti-ideal alternatives.
Criterion C1 calculated the utility values of the alternatives,
giving the result as K1 = [(0.022, 0.348), (0.414, 4.261),
(5.062, 86.962)], K11 = [(0.012, 0.224), (0.267, 2.678),
(3.189, 50.773)].

The values of the fuzzy-rough MARCOS method are
calculated when all parameters in the decision matrix have
been completely calculated using equation 29 to perform
the conversion of values to fuzzy-rough numbers. These
calculated values are performed in the form of simple
arithmetic averaging, that is, performing the calculation of
the average value of the criteria of individual elements of
fuzzy-rough arithmetic. Then, the fuzzy-rough MARCOS
method is used to calculate the fuzzy values of the criteria
(Tab. 16). From this analysis result, which is arranged in
order according to the best ranking, experts evaluate SAPF
equipment from different manufacturers according to the
corresponding criteria. The results show that criterion V1
(Schneider Electronic) gives the best value, followed by
criterion V6 (ABB Group), and the criterion with the lowest
rank is criterion V9 (TDK Corporation).

Researchers often apply the method of comparing the
performance levels of different methods to evaluate and
compare the methods with each other. The research results
of the methods are used as a tool for comparison. Compare
the methods with each other. Different MCDM methods are
used for comparison; specifically, the fuzzy-rough method
is implemented with specific names such as the Simple
Additive Weighting Method, the Additive Ratio Assessment
Method, and the Weighted Product Method. This research
article compares the evaluation results on criteria related to
SAPF equipment using the fuzzy-rough MARCOS method,
and the research results have been confirmed using the
fuzzy-rough MABAC method, which gives the most skewed
results in the ordered rankings (Fig. 2). These methods
implement normalization approaches and calculate different
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TABLE 15. Evaluate the level and functionality of the MARCOS method.

TABLE 16. Analytical results using the Fuzzy-rough MARCOS method.

weights with different criteria in the normalized decision
matrices. Because the weights of the criteria are different,
the rankings of the methods are also arranged differently.
However, the analytical results of the MARCOS method give
similar results to the other methods, but there is no decisive
sign at all. Although they give different analysis results
and rankings, the difference is not too large, and only the
fuzzy-rough MABAC method gives different analysis results
compared to other methods. The analysis results show that the
biggest difference is criterion V2 (Siemens) and criterion V6
(ABB Group) because these 2 manufacturers give different
results of 4 formulas according to 6 methods used to
evaluate and compare. Comparing the results, the remaining
manufacturers gave almost identical rankings. Based on the
results of using the fuzzy-rough method MACOS in analysis
and giving acceptable results because the research results of
the fuzzy-rough methods are different and can be applied.
Sensitivity analysis is used to analyze the criteria and evaluate

which criteria directly impact the degree of change in the
rankings of the alternatives.

FIGURE 2. Evaluate and confirm analytical results.
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Sensitivity analysis to evaluate the effectiveness of analysis
and application of models or research methods in the MCDM
method is necessary. The purpose of sensitivity analysis is
to evaluate the influence of the weights of impact criteria on
the change in ranking of alternatives, and this case study is
the SAPF device. If the sensitivity analysis for this study was
designed according to values of 5%, 15%, 25%, and 95% for
10 scenarios of 10 criteria, the results are realistic. Currently,
we are analyzing 100 scenarios. Evaluate and determine that
if the weight of one criterion is reduced, it is necessary to
consider and increase the weight of another criterion with a
corresponding reduction, which is done using formula 44.

Wnβ = (1 −Wnα) ×
Wβ

(1 −Wn)
(44)

From the results of the sensitivity analysis, the result of
criterion V9 (TDK Corporation) is that the ranking position
is unchanged for all scenarios, which confirms that this
manufacturer is the bottom choice (Fig. 2). However, for
all other SAPF equipment manufacturers, when the rankings
change, the weights of the criteria change accordingly. This
proves that criterion V1 shows sensitivity to changes in the
numbers of criteria C1 (price). In all scenarios used as a
perspective, the sensitivity product was performed, and the
result was that criterion V6 (ABB Group) took first place
in the ranking and showed that criterion V6 met the greatest
level of sensitivity for changing the weights of the criteria and
proving that criterion V6 is still in the penultimate position.
Do the same for all remaining criteria, and the analysis results
are shown in Figure 3.

FIGURE 3. Results of sensitivity analysis of the criteria.

VI. DISCUSSION AND EXPERIMENTAL IMPLEMENTATION
A. DISCUSSION
Devices using IOT technology or Industry 4.0 technology’s
structure use a lot of high-frequency circuits, and these IoT
devices are used in large quantities and connected directly to
the power grid distribution. With a high switching function,

the operation generates harmonics in the power source and
causes power loss due to the harmonic currents distorting the
sinusoidal shape of the power source signal, causing energy
loss in the process of electricity transmission and distribution.
Satisfactory power quality means that the THD value in
the power source does not meet IEEE 519:2022 standards,
causing phenomena such as fire, explosion, and heating of
the equipment.

The difference between APF shunts in Industry 4.0 and
previous infrastructures mainly lies in the integration of
digital technology, integration with smart network systems,
application of artificial intelligence and machine learning,
as well as greater flexibility and interoperability. This
improves performance, saves energy, and increases the
flexibility of the APF shunt in the grid system. Modern APF
devices can be connected to the energy management system
via communication protocols such as Modbus, Profibus,
or Ethernet, allowing remote monitoring and control. In addi-
tion, APF shunts can also integrate with smart power
systems and artificial intelligence to optimize operations and
improve performance. UsingAPF shunts in Industry 4.0 helps
improve power quality, minimize harmonics, and protect
other electrical equipment in the system. This simultaneously
creates a stable and efficient production environment that
meets the requirements of Industry 4.0.

However, APF is a technology widely used globally
to reduce electrical noise and improve power quality in
power systems. APF is an electronic device used to reduce
electrical noise such as voltage noise, unnecessary current
noise, and phenomena that distort electrical waves. It works
by detecting electrical disturbances and generating an out-
of-phase current whose phase is opposite to the electrical
disturbance. When this current is incorporated into the
system, it helps reduce interference and maintain stable
power quality. APF’s applications are very diverse, from
industrial power systems to home power systems. The use
of APF in Vietnam may depend on the specific needs and
requirements of local industries and power systems. In recent
times, Vietnam has increased investment and development in
the power system, especially in the field of renewable energy.
This could lead to the use of technology such as APF to
improve efficiency and power quality in renewable energy
projects, such as wind or solar power.

The study mistakenly evaluated the selection of SAPF
equipment provided to the electricity distribution market in
Vietnam by Electricity Measurement and Testing Company
Limited. This company is one of the companies providing
and measuring equipment for power quality in Vietnam.
Electricity Measurement and Testing Company Limited
has many branches distributed throughout Vietnam and
provides the design, installation, testing, and operation of
SAPF equipment in Vietnam. Mistakenly improving the
efficiency of using SAPF equipment to improve the quality
of power supply for equipment used in manufacturing
companies that have been using distributed power sources
in Vietnam, Electricity Measurement and Testing Company
Limited must make the correct selection of SAPF equipment
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from manufacturers and appropriately evaluate the features
of SAPF equipment specifically and accurately. Experts
evaluate the criteria for the devices in general and confirm the
limitations and benefits of SAPF devices to meet the quality
status of distributed power sources in Vietnam. The criteria
related to costs and benefits are considered specifically for
each criterion. The selected SAPF devices need to meet
the requirements of Vietnam’s national power source testing
center and comply with the requirements for power quality
management. The subjects of this study were 9 SAPF
equipment manufacturers in the world that were conducted.

When evaluating and deploying SAPF equipment in
Vietnam, there are some limitations, such as high initial
investment costs, a lack of maintenance equipment in the
Vietnamese market, and insufficient human resources. The
level of operation, maintenance, and upkeep of SAPF equip-
ment and the knowledge of decision-makers in the company
about SAPF equipment are not enough. These limitations
are one of the things that prevent the development of SAPF
equipment in Vietnam. These limitations are common to
other countries and industries around the world that require
SAPF equipment manufacturers to plan for improvement.
Businesses in developing countries like Vietnam are mostly
small and medium-sized companies, so the issue of initial
investment costs is always a huge obstacle for decision-
makers at companies. Therefore, small and medium-sized
companies often have low-level human resources, making it
difficult to operate SAPF equipment effectively.

Experts in this study have selected criteria to evaluate
and make decisions on choosing SAPF equipment from a
manufacturer that is suitable for the power quality situation
in Vietnam. After specifying the criteria, experts proceed
to evaluate the importance of each criterion, and the fuzzy-
rough SWARA method is used by experts in this research
to evaluate the importance of each criterion. The importance
of each SAPF’s equipment is selection criterion. From the
research results, it turns out that criterion V1 (Schneider
Electronic) is the company with SAPF equipment that most
appropriately meets the power quality situation in Vietnam
and the accompanying criteria to determine suitability. The
suitability of the SAPF device above is arranged in the
following order: the first is criterion C1 (price), the second
position of suitability is criterion C3 (solution response),
and the third-ranked position is criterion C10 (Versatile
operating functions). The importance of each criterion is
important in evaluating and ranking the alternatives. The
above results show that SAPF equipment from manufacturer
Schneider Electronic has a price suitable for small and
medium-sized companies in Vietnam that they can consider
for initial investment, meeting their needs for the costs or
financial resources of the company. In addition, Schneider
Electronics’ SAPF can respond to much different frequency
ranges at different voltage levels and filter noise signals
in power sources with many fluctuations in the quality
of distributed power sources in Vietnam, and especially
SAPF equipment from manufacturer Schneider Electronic
fully complies with the power quality requirements that

Vietnam regulates and fully complies with all world power
quality requirements. Another notable point is that Schneider
Electronic Company has built and is operating an electrical
component factory in a high-tech park in District 9, Ho Chi
Minh City, Vietnam. Because of this, Schneider Electronics
can quickly and fully provide replacement equipment or
system maintenance services for SAPF equipment. In case
customer companies need training to improve operating
capacity for SAPF equipment, Schneider Electronic also has
training courses to improve skills for employees of customer
companies.

According to the results of the sensitivity analysis, the
weights of the criteria have a strong impact on the ranking
positions of the alternatives in deciding to select SAPF equip-
ment from Electricity Measurement and Testing Company
Limited. Analysis results using the fuzzy-rough MARCOS
method in this study show that SAPF equipment from
manufacturer Schneider Electronic is chosen for deployment
in Vietnam because it has the best properties. Second place
is the choice of SAPF equipment from the ABB Group, and
this result is based on the results of analysis and sensitivity
determination. This study not only conducts experimental
research on each type of method inMCDMbut also compares
the results of the studies with each other to choose which type
of method is most suitable for the evaluation criteria price and
selection of SAPF equipment in theVietnamesemarket. From
the comparison results of the methods, different methods
give different results, and the accuracy of the research results
depends on each step of each method. The MABAC method
gives the most different results from the research results of
the other methods. The reason is that the MABAC method
standardizes the data in the decision matrix and uses the
average value to calculate and rank the results. Alternative
criteria and the weighting process of criteria in the decision
matrix also affect the results of the MABAC method.

The research method is applied to a new research
environment, so it is necessary to compare research results
with different methods to compare and evaluate the level
of effectiveness. Decision-makers rely on different relevant
information, so a different procedure and evaluation method
are needed to compare and evaluate the effectiveness of
each method, and the fuzzy-rough approach is used in this
study. A more comprehensive study is needed to compare
the results of the fuzzy-rough method with the results of
other research methods in the future to evaluate the strengths
and disadvantages of the fuzzy-rough method. One benefit
of the fuzzy-rough method in this study is that it performs a
combination of the fuzzy method and the rough method to
fully exploit their strengths. Incorporating the fuzzy-rough
method is into the MARCOS method to perform decision-
making in uncertain environments. However, the fuzzy-rough
MARCOS combination method has the limitation that the
model is complex and determines the values that determine
the limit levels for the fuzzy-rough parameters in the decision
matrix for each individual criterion of the parameters.
Different methods are used for shaping the unselected results,
and the alternative options are also different. All methods
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have their advantages and disadvantages, and researchers
and decision-makers need to identify and consider ways to
improve the disadvantages and enhance them. The benefits
of each option are an urgent need. All methods use expert
opinions to make decisions. The implementation method has
a general process, but to improve the effectiveness of the
research model, it is possible to improve, modify, and update
the criteria and alternative solutions.

B. EXPERIMENTAL IMPLEMENTATION
The study presents in detail the results of the installation
and measurement of power quality after installing an
SAPF device manufactured by Schneider Electronics at a
manufacturing company in Vietnam and brings satisfactory
results. Highly effective in improving the quality of power
supplied to manufacturing plants.

A general introduction is about the project. Currently, the
electrical system at ABC Factory is provided by 03 MSBs
located in themain electrical room. To ensure stable operation
of the electrical system and improve power quality, as well as
meet the harmonic requirements of the Ministry of Industry
and Trade, ABC Factory installed PCS+ harmonic filters
for 01 banks electrical cabinet in the main electrical room,
with the following harmonic filter capacity: MSB 03: Use
Schneider Electric harmonic filters.

Organizational chart of SAPF installation project imple-
mentation is at ABC Company. Construction site supervisors
are responsible for drawing up plans and performing con-
struction direction tasks such as surveying the site and draw-
ing up appropriate construction plans, proposing construction
measures and progress, and adjusting construction plans
are reasonable. Propose technical construction solutions,
guide workers to execute construction items according to
technical requirements and standards, check construction
quality and construction workers are the direct construction
department items are responsible for performing well the
assigned tasks according to the approved design, according
to the instructions of the supervising engineer as well as the
supervising consultant.

The values measured with the Class A standard meter,
Fluke 435, show harmonic currents exceeding the threshold
according to Circular 30/2019/TT-BCT. It is recommended to
install a harmonic filter to ensure safe and stable operation of
the system.

TABLE 17. Maximum allowable harmonic currents distortion for
electrical load.

Effect of filter: The ‘‘Active Harmonic Filtering’’ project
to bring power quality (harmonic currents) will comply with

IEEE 519:2022 and TCVN standards (Circulars 39 and 30,
Ministry of Industry and Trade of Vietnam), but it also
brings many other outstanding economic values. Improves
power reliability and productivity (energy management):
Reducing peak current frees up system capacity, limits
harmonic currents distortion, eliminates the effects of har-
monic currents, prevents damage to equipment or reduces
equipment life (asset management), reduces excessive heat
production by reducing harmonic currents, prevents errors
that can lead to downtime, improves equipment life, improves
financial performance (cost management), reduces energy-
related penalties, and contributes to plant power consumption
savings.

Materials needed to prepare to install SAPF equipment
include main equipment (Tab. 18) and auxiliary equipment
(Tab. 19). Choosing the correct and complete main and
auxiliary equipment to meet the requirements in the SAPF
equipment shed is an urgent requirement; the equipment
needs to meet the criteria of cost, quality, and level of
performance. Correct installation of SAPF equipment.

To design a layout for installing active filtration equipment,
you need to consider the following factors: (1) Installation
location is to determine the location of the active filtration
equipment on the system. This may depend on the system’s
requirements and intended use, but it is usually located
near a clean water source or in front of other equipment
in the system. (2) Size and space consider the size of the
active filtration equipment and ensure that you have enough
space to install it. If space is limited, you may need to
consider options such as installing an active filter along a
wall or using a compact active filter. (3) Flow guidelines
are used to design the layout so that the water flow in the
system is reasonable and does not cause restrictions on the
active filtration equipment. Make sure that no active filtration
equipment is installed above or below the water level in
the system to avoid pressure imbalances and impacts on
equipment performance. (4) Pipe connections are used to
determine how to connect the active filtration equipment to
the main duct system. Make sure that there is enough space
and convenience to install suitable fittings and valves. (5)
Maintenance convenience is used to design the layout so that
maintenance and replacement of active filter equipment is
easy and convenient. Make sure you have enough space and
access to perform the necessary maintenance activities. (6)
The support system considers other elements in the system,
such as water pumps, control valves, and electrical systems.
Design the layout so that these components have a reasonable
interaction and do not cause conflict with the active filter
device (Fig. 4).

The filter electrical connection diagram follows some basic
principles to ensure correct and safe operation. Here are
some important principles: (1) The power source must be
supplied with the correct voltage and frequency required for
the filter. The power source should be connected correctly to
ensure safety. (2) The filter device’s inlets and outlets must
be properly connected. This ensures that the input signal
is filtered, and the output signal has been processed. (3)
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TABLE 18. List of main equipment.

TABLE 19. List of auxiliary equipment.

FIGURE 4. Proposed electrical room floor plan.

The control equipment is properly connected to the control
equipment to control the operation of the filter. This includes
control signals from the controller to the filter device and
feedback signals from the filter device to the controller.
(4) The sensor must be connected according to the correct
principle to collect information from the environment or
system. Sensors can provide input to control or regulate filter
operation. (5) An amplifier (if any) must be connected to
enhance the signal or adjust the output level. Make sure that
the signal passing through the amplifier is free from distortion
or noise. (6) The controller and communication unit connect
the controller and communicate with other components in

the system. This allows control, management, and interaction
with the filter through interfaces and control signals. (7) Load
control is the load control connection (if any) to regulate and
control the operation of the load or device being filtered. (8)
The user interface is connected to the user interface to allow
the user to interact and adjust the settings and functions of the
filter. Through the electrical connection diagram, the above
principles are demonstrated through the correct connection of
components and appropriate electrical signals to ensure stable
and effective operation of the filter (Fig. 5).

When installing an active power filter (APF), you need the
following consumables and related equipment: (1) Frame and
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FIGURE 5. SAPF filter wiring diagram.

mechanical device APF filters require a load-bearing frame
and other components mechanical device to hold system
components. This includes suspension systems, navigation
systems, struts, and other mechanical components. (2) An
electronic circuit is an APF filter that uses electronic circuits
to analyze and control current. This includes electronic com-
ponents such as microcontrollers, sensors, power supplies,
capacitors, inductors, and other components. (3) The voltage
converter is an APF filter that requires a voltage converter
to produce a phase voltage equivalent to the target voltage.
Voltage converters may include transformers, inverters, and
other electronic components to regulate and maintain the
output voltage. (4) The sensor is an APF filter that uses
sensors to monitor electrical parameters such as current,
voltage, and frequency. These sensors provide information
to the control system to adjust filter operation. (5) The
control and communication system are the control and
communication system used to manage the operation of
the APF filter. This includes automatic controllers, human-
machine interfaces, and control software to adjust and
monitor filter performance. (6) The power system is an APF
filter that requires a power source to power its operation.
This can be AC or DC power, depending on the specific
requirements of the filter. The process of installing APF
equipment is detailed in Table. 20.

If the active power filter has not been activated, the power
quality condition does not meet IEEE 519:2022 standards.
Electric current can be distorted in certain situations and with
certain factors (Fig. 7a). Here are some common situations
that can lead to current distortion: (1) Electrical noise is
the presence of unwanted signals in an electrical current.
Electrical interference can originate from other electronic
devices in the same system, from external power sources such

as household electrical appliances, or from environmental
influences. If electrical noise is too strong or occurs at a
frequency close to the main signal, it can cause current
distortion. (2) Resistors in a circuit are resistive components
in a circuit such as wires, resistors, and capacitors that
can cause current distortion. Resistors cause voltage loss
and reduce the efficiency of current transmission in the
circuit. Phenomena such as thermal resistance and frequency
resistance can distort the current. (3) Non-linear components
are present. In some cases, the components in the circuit
may not obey Ohm’s linear law, causing current distortion.
For example, semiconductor devices such as transistors and
amplifier circuits can create current distortionwhen operating
at high signal levels. (4) The opening angle of the thyristor is
because the thyristor is a type of electronic device that can
control the current in the circuit. When the thyristor is in an
off state, the current is not allowed to pass through. When the
thyristor is open in its state, the current is controlled and flows
through the device. However, when the thyristor switches
from off to on or vice versa, a brief current distortion may
occur.

High harmonic currents at orders 5 and 7 do not arise
directly from power quality. Instead, it is often an undesirable
phenomenon or can have a negative effect on power quality
and power system performance. In an electrical system,
voltage and current waves typically have the form of sine
waves, with the fundamental frequency being that of the
power source (e.g., 50 Hz or 60 Hz). However, power
systems can be affected by factors such as non-linear
loads, voltage variations, electrical noise, and interactions
between different electronic devices. When these factors are
present, harmonic components may appear in the power
quality. Harmonic currents can have different orders, and
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TABLE 20. Sequence of installation and operation of SAPF filter.
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TABLE 20. (Continued.) Sequence of installation and operation of SAPF filter.

FIGURE 6. Actual set up SAPF.

the frequency is n times the fundamental frequency, where
n is an integer (e.g., 5th order, 7th order). However, high
harmonic currents at these levels often cause noise and
variations in power quality. It can cause phenomena such as
wave shape variation, voltage variation, and current variation,
create system imbalances, and causes other problems related
to device performance and stability of electricity (Fig. 7b).
Therefore, in power systems, reducing harmonic currents and
maintaining power quality are important factors to ensure
the stable and efficient operation of electrical equipment and
systems.

After applying the filter, the current waveform can be
improved and closer to the standard sine waveform. Filters
are used to remove or minimize unwanted components in
the electrical current, such as harmonic currents and noise
(Fig. 8a). Filters are often designed to have high efficiency
at the frequencies to be filtered and to minimize harmonic
currents distortion. When current passes through the filter,
it undergoes processing to remove unwanted components
and allow only the desired frequency components to pass
through. As a result, after passing through the filter, the
current waveform will be rounded and closer to a standard

FIGURE 7. Filter stops status.

sine wave. This helps improve power quality and ensure
the stable operation of electrical equipment and electrical
systems. However, it is worth noting that the effectiveness
of a filter depends on its design and construction, as well as
other factors in the electrical system. Sophisticated and high-
quality filters can remove unwanted components and produce
a nearly standard waveform.
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During the process of applying a filter to remove harmon-
ics, the total distortion and amplitude of stepwise harmonics
often decrease sharply compared to the original. This results
from the process of eliminating or minimizing unwanted
components in the electrical signal (Fig. 8b). Harmonics are
often represented by components with different amplitudes
compared to the fundamental wave. When applying a filter,
harmonic components can be eliminated or significantly
reduced in the electrical signal. As a result, the total distortion
of the signal is reduced, and the step-harmonic amplitude is
also sharply reduced. Reducing total distortion and harmonic
amplitude can provide many benefits in power systems.
It helps improve power quality, reduce noise and distortion in
signals, and ensure stable and efficient operation of electrical
devices and systems. However, it should be noted that the
degree of reduction in total distortion and harmonic amplitude
depends on the performance and design of the filter used.
High-quality and sophisticated filters can remove harmonics
more effectively and reduce distortion significantly.

FIGURE 8. Filter active status.

FIGURE 9. Result of real-time THD measurement.

Circular 30/2019/TT-BCT (Circular of the Ministry of
Industry and Trade) has other requirements on power quality
in addition to the requirement of a total harmonic value
(THDi) below 12%.Below are some of themain requirements

in this circular: (1) Voltage and Frequency the circular
stipulates that the voltage and frequency values of electricity
must be within an acceptable range. For example, the supply
voltage must be within ±10% of the rated value, and the
frequency must be within ±0.5% of the rated value. (2)
The circular quality of electric current sets out requirements
for voltage and current waveform distortion, including noise
amplitude, wave shape distortion, and number of harmonics.
For example, the voltage fluctuation value must not exceed
10%, the noise amplitude must not exceed 3%, and the
number of harmonics must not exceed the specified limit. (3)
Voltage drop and recovery time: the circular sets requirements
on limits and recovery time when there is a voltage drop in the
electrical system. For example, the pressure drop limit must
not exceed 10% in a certain time, and the recovery time must
satisfy the regulations. (4) The circular regulates the power
factor requirements of the electrical system and electrical
equipment. For example, the power factor of the load
cannot be lower than a certain value. (5) Other requirements
stipulated in the circular include measuring, recording,
and reporting electricity quality; protecting and checking
electricity quality; handling mechanisms when violating
regulations; and other regulations related to power quality.

To control in real time the quality of the power supply,
the company requires the use of a Fluke 435 instrument
to continuously measure twice on an 8-hour shift. The
company is working in a 3-shift mode and measures each
time for 1 hour, performed by the company’s electrical
engineer. The measurement results are saved in real-time
and saved into the company’s SQL database system (Fig. 9).
These measurement results are used in the company’s
weekly reports, monthly reports, quarterly reports, and
annual reports. Decision-makers can easily recognize the
effectiveness of applying the APF system to improve the
quality of power sources at the company.

VII. CONCLUSION
A SAPF device is a modern device used to harmonics filters
and other types of noise arising in the power signal to meet
the requirements of improving power quality compared to
other methods of using noise filters during the period of
using Industry 4.0 technology devices. This paper conducts
an overall evaluation study of SAPF devices from different
manufacturers around the world to meet the needs of users
in Vietnam with a distribution source with fluctuations in
power quality status at Electricity Measurement and Testing
Company Limited. The research method used in this study
is the fuzzy-rough method to apply linguistic variables and
perform in an uncertain environment to make decisions on
selecting SAPF equipment. The fuzzy-rough method makes
decisions based on the opinions of experts and adjusts
the decision-making results based on the decision-makers.
The results of this study show that the choice of SAPF
equipment by ElectricityMeasurement and Testing Company
Limited follows three main criteria when implementing a
V1 (Schneider Electronic) SAPF device: price, solution
response, and versatile operating functions.
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From the research results of comparing the results of
fuzzy-rough methods on evaluating and ranking positions
of SAPF devices, different methods give results of analysis
and placement. The rankings of the alternatives also differ.
In each MCDM method, there is an implementation process,
but the steps in that general process are performed differently
for each different method, so the rankings of the alternatives
of the methods are, and according to the analysis results of
the fuzzy-roughMABACmethod, the V2 (Siemens) criterion
gives the best ranking results. Because of the differences in
the ranking results of these alternative plans, researchers need
to compare the research results and evaluate the research
results of the different alternatives of different methods to
help them choose the appropriate research method when
conducting decision-making research for a complex problem
in an uncertain environment. The research’s sensitivity
analysis shows that cost criteria are always the top priority
factor considered by decision-makers. Sensitivity analysis
shows how interaction and weighting influence the ranking
order of SAPF device alternatives.

The harmonic currents value THDi displayed in the field
after installing the harmonic filter is respectively THDi1 =

5%, THDi2= 6%, and THDi3= 5%, it meets the regulations
of Circular 30/2019/TT-BCT. According to this circular, the
requirement for total harmonic value (THDi) is below 12%.
With THDi1, THDi2, and THDi3 values all below 12%, this
indicates that the harmonic filter was effective in reducing
harmonics in the power system. These values meet regulatory
requirements and show that power quality has improved after
the filter is installed. This means that the electrical system
meets harmonic standards and complies with the electricity
quality regulations of Circular 30/2019/TT-BCT.

The study also demonstrates some limitations that need
to be addressed by future researchers. Firstly, the fuzzy-
rough method is very complex, and the user needs to
have access to the basic background knowledge of the
previous method, which requires the user to have a cer-
tain understanding of the fuzzy-rough method. Computer
software is needed to deal with the complexity of the
fuzzy-rough method. The decision-maker must rely on the
criteria and the order of the weights of each alternative
to decide; however, if there is computer software, it will
be simpler for the decision-maker. Second, the MCDM
Method implements the same process, but at each specific
individual step, it requires decision-makers to consider and
identify each specific step to evaluate the decision-making
results. This is also a limitation in the decision-making
process of the fuzzy-rough method. Third, the compatibility
level of SAPF equipment with the power quality status in
Vietnam is always an open issue for individuals to consider
when making decisions on choosing SAPF equipment.
There are many SAPF equipment manufacturers in the
world with different structures and operating functions.
Choosing SAPF equipment from a manufacturer suitable
for the production and business markets in Vietnam brings
efficiency. High efficiency in production and business is a
challenge.

The fuzzy-rough method brings high efficiency to solving
the advantages of fuzzy arithmetic and rough numbers
in decision-making techniques. The fuzzy-rough method
is considered one of the methods used to solve complex
problems that require decision-making in an uncertain
environment. However, to further improve the effectiveness
of fuzzy-rough methods, it is necessary to improve the steps
of the method wall in the decision-making process according
to MCDM to improve the sensitivity analysis process and
improve the efficiency of fuzzy-rough methods the level of
confidence in the decision-making results of the decision-
maker. However, the research and decision-making results of
the fuzzy-rough method have the benefit of eliminating bias
from experts’ opinions, helping to improve the reliability of
decision-making results.

In future research, it is necessary to research more modern
optimization methods applied to SAPF devices to improve
efficiency when applying SAPF devices to improve power
quality in all situation’s different conditions in the Viet-
namese market. However, the price of investing in deploying
SAPF equipment also needs to be considered and improved to
suit the conditions of SMEs in Vietnam and other developing
countries in the world. The Vietnamese market is developing
renewable energy sources, and there is a great need for
a suitable SAPF device to eliminate signal interference in
power sources and improve power quality. This is an open
research direction with many discoveries and capabilities for
researchers and SAPF equipment manufacturers. Research
and apply many other methods to conduct research, such as
the fuzzy-TOPSIS method, the APH method, or the VIKOR
method. In addition, research on modern optimization
methods, such as bio-inspired optimization on SAPF filter
control, to select an appropriate compensation current to
restore power lost due to harmonic currents.
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