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ABSTRACT The world today is increasingly dependent directly or indirectly on the power system. Ensuring
the quality of power supplied to electrical equipment is essential. The national regulatory framework is for
harmonic mitigation in the global power system. This paper discusses the relationship between Efficiency
(E), Security (S), and Reliability (R) for Electric Power Quality (EPQ). We measure the harmonic mitigation
regulations listed in the IEEE 519 standard. To evaluate the proposed E, S, and R constructs and their
relationship to EPQ, a multi-planning approach the method of Partial Least Squares- Structural Equation
Modeling (PLS-SEM) and Deep Learning Artificial Neural Network (ANN) analysis were performed. In it,
deep Learning Artificial Neural Network (ANN) was performed to complement the PLS-SEM findings and
higher prediction accuracy. The study shows that the aspects of efficiency (E), security (S), and reliability
(R) have a significant relationship with Electric Power Quality (EPQ). Another result of the study indicates
that science, technology, engineering and math (STEM) resource conditions have a significant and positive
impact on EPQ.

INDEX TERMS Harmonic mitigation, partial least squares- structural equation modeling, PLS-SEM,
artificial neural network (ANN), electric power quality.

I. INTRODUCTION
The study empirically explores the role of the host country’s
IEEE 519-2022 [1] power quality regulation on harmonic
mitigation activities in power systems to improve the quality
of power supply and protect electrical equipment from explo-
sions [2], [3]. Previous studies used traditional econometric
models and measured the impact of IEEE 519 regulation
on power quality assurance. The system of regulations on
electricity management applied by Vietnam is in line with
the operating standards in the world and there has not been
a specific study on the regulations guiding the electricity
law on management. To fill in the gaps and expand research
directions compared to previous studies, this paper analyzes
the influence of different IEEE 519 regulations on harmonic
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mitigation in power supplies. This paper selects some quanti-
tative representations of regulation and their relationships to
EPQ covers IEEE 519, IEC 61000-2-2 [4], IEC 61000-2-4
[5], EN 50160 [6], IEC 61000-3-2 [7] and IEC 61000-3-12
[8]. This paper proposed to follow the partial least squares
structural equation modeling method (PLS-SEM) to conduct
this analysis.

There are two standards for quality control of the distribu-
tion network. First, the EN 50160 Standard specifies the grid
characteristics provided by the public distribution network.
Second, the IEEE 519 Standard represents a shared useful-
ness for customers to limit the impact of non-linear loads [9].
Industrial 4.0 is increasingly developing, automatic switch-
ing control systems are mostly used in electrical equipment,
lighting loads such as LEDs are widely used, and the above
devices are the main cause of harmonic generation. Further-
more, these benefits encourage preventive action in terms of
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reduced energy quality values, increased temperatures, and
reduced power factor [10], [11], [12]. The main sources of
harmonic generation tend to cost clients significantly.

There are many measures to improve electric power qual-
ity. Specifically, the goal of solutions is harmonic mitigation.
There are three commonly used solutions to reduce harmon-
ics. (1) Carry out corrections in the electrical network. (2) Use
special equipment in the supply system and (3) Use harmonic
filtering devices. To limit the propagation of harmonics in
the distribution network, many different solutions can be
used such as creating isolation sources. The transformer is
especially connected by the inductor installationmethod [13].
Select the appropriate grounding system. In case themeasures
to prevent harmonics mentioned above are still not met, it is
necessary to equip the grid with harmonic filtering systems
such as passive harmonic filtering, active harmonic filtering,
or hybrid harmonic filtering [14].

For decades, the PLS-SEM Model has been accepted by
critics and researchers as a multivariate analysis method.
Searching in the database system, the results indicate the term
‘‘partial least squares structural equation modeling method
(PLS-SEM)’’ which has helped the researchers in the experi-
ment to confirm the analysis of the theoretical project such as
operations management, supply chain, information systems,
business, and many others. This paper takes the first approach
to study the interaction between Efficiency (E), Security (S),
and Reliability (R) for Electric Power Quality (EPQ) using
the PLS-SEM model. Efficiency is the ability to operate
profitably and is a measure of the ability of an electrical
system to avoid wasting energy, time, and costs. Efficiency
is a measure of the actual power supply capacity compared to
the original calculation. The higher the efficiency, the more
efficiently the power system’s ability works. This means less
energy, materials, and costs are wasted. Grid security ensures
the stable operation of the system and enhances connectivity
between power systems in a digitized system safely. Infor-
mation communication between power distribution networks
ensures security for users. The power supply reliability of the
distribution grid is the ability of the system to fully and con-
tinuously supply power to the power-consuming load with the
power quality (voltage and frequency) in accordance with the
regulations. The studies of the PLS-EEM model give results
on the effects on electric power quality using usage reports
with linear relationships between the studied variables and
the PLS-SEMmodel of a research approach for the prediction
model. One of the serious shortcomings of the PLS-SEM
model (that is, linear relationships) techniques, it simplifies
the human decision-making process, which is a complex one.

Artificial Neural Network (ANN) analysis has the benefit
of building linear and non-linear models with higher accu-
racy than the PLS-SEM model. Artificial Neural Networks
use interconnected nodes or neurons in a layered structure
similar to the human brain. This approach creates an adap-
tive system used by computers to learn from their mistakes
and continuously improve. Artificial Neural Networks aim

to solve complex problems. Artificial Neural Networkscan
learn and model complex, non-linear relationships between
input and output data. Artificial Neural Networks can clearly
understand unstructured data and make general comments
without specific training. Therefore, the recommendations of
the ANN model were followed throughout previous studies.
However, the ANNmodel has a single hidden layer approach
in the neural network model.

To fill the gaps in the research, it is proposed to use a
deep learning-based ANN model using two or more hidden
layers to improve prediction accuracy. The research model
aims to specifically evaluate the factors affecting electric
power quality by applying a multi-step approach. The first is
to use the partial least squares structural equation modeling
method (PLS-SEM) model and Artificial Neural Network
(ANN) based on training. To further clarify the findings in
the research model for management implications, Importance
Performance Mapping Analysis (IPMA) evaluates the rela-
tionship between the significance of a latent variable and
the performance of that latent variable in the model. IPMA
can identify which variables in the model are of relatively
high importance but with low efficiency. From there, the
researchers made accurate assessments of the situation and
made improvements. A variable of high importance but low
efficiency means that the variable has a strong effect but a low
mean. The goals of this study include:

(1) Analysis and clarification of power quality manage-
ment regulations including standards for harmonic control
and power quality-related factors such as IEEE 519, IEC
61000-3-2, EN 61000-3-2, IEC 61000-3-12.

(2) Evaluate the positive and negative effects of potential
variables including Efficiency (E), Security (S), and Reli-
ability (R) on power quality (PQ) and proper response to
control standards for the quality of power sources operating
in Vietnam.

(3) Highlight the role of harmonic management standards
in the design of electrical control devices to meet the indus-
trial 4.0 era.

(4) Proving research model PLS-SEM Neural network
meets deep and extensive research on power quality man-
agement regulations. The PLS-SEM Neural network model
provides a complete overview of the elements of harmonic
control regulation, bringing practical benefits to researchers
and electronics manufacturers in new designs.

This article is structured as follows. Section II presents
the theoretical foundations and hypothesis development. Sec-
tion III presents details of the structure of the methodology.
The results and discussion of the study are detailed in Sec-
tion IV. Section V presents the conclusions.

II. THEORETICAL FOUNDATIONS AND HYPOTHESIS
DEVELOPMENT
Power quality strongly affects the performance of power-
using equipment [15], [16]. Power quality determines the
lifespan of electrical equipment [17]. Previous studies have
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mainly focused on harmonic mitigation methods using vari-
ous models and focused on basic traditional theoretical mod-
els, and there have been no specific studies analyzing the
impact of these effects. Management standards for minimiz-
ing harmonics related to power supply quality. Specifically,
there are too many electrical equipment fires and explosions
due to poor power quality.

Unstable power quality makes equipment unstable or
explodes causing economic losses to users [18]. The distor-
tion of the voltage or current waveform causes the power
distribution to be noisy and the power quality to be dis-
turbed [19]. Harmonic currents are generated from non-
linear loads connected to the distribution network through
impedance and distortion of the supply voltage [20].

The source of harmonic generation is from all non-linear
devices such as (1) Industrial Equipment: Welding machine,
Arc furnace, Electromagnetic induction furnace, and Rec-
tifier. (2) Variable controller asynchronous speed or DC
motors. (3) UPS rectifier. (4) Office equipment such
as computers, copiers, and fax machines. (5) Magnetic
saturation-related equipment such as transformers [21].

Harmonics in the distribution network degrade the quality
of the power supply [22]. This causes several negative effects
as follows: (1) Overcurrent occurs on the power distribution
network due to an increase in the current R.M.S. (2) Overload
occurs on the neutral wire due to the cumulative increase
of the 3rd harmonic generated by the single-phase loads.
(3) Amperage exceeds the allowable levels, electrical fluctu-
ations and shortening of the life of generators, transformers,
andmotors such as noise from transformers are increasing. (4)
The power factor correction capacitoris overrated current and
life reduced. (5) Distortion of the power supply may result in
interference with sensitive loads. (6) Causing interference on
communication networks and telephone lines [23], [24].

Harmonics is the object of study of standards for
compatibility with distribution networks, standards for appli-
cation generation for devices generating harmonics, recom-
mendations for generated from power companies and can
be applied to the grid. To rapidly weaken the effects of
harmonics, a three-part system of applicable standards and
regulations is used based on the following documents [25],
[26]. IEC 61000-2-2 and IEC 61000-2-4 are standards that
control the compatibility of distribution networks and prod-
ucts. EN 50160, IEEE 1459 [27], and IEEE 519 are standards
for the quality control of power networks. IEC 61000-3-2 and
IEC 61000-3-12 are equipment control standards. Figure 1
shows the research model.

Efficiency (E): This means a positive view of technology
to improve controllability, flexibility, and efficiency of every-
day power quality for technical reasons.

Security (S): This is about trusting technology for pri-
vacy and security in power usage control and power quality
improvement with industrial 4.0.

Reliability (R): This is meant to provide the best overview
of all aspects related to power quality.

FIGURE 1. Research model.

TABLE 1. Voltage harmonic distortion (Source: IEEE 519-2022, pp. 17).

Efficiency (E) of power supply for electrical equipment
has always been interest to electricity users [12]. Harmonic
control in IEEE 915 and prevention of explosions due to
overload is necessary [28], [29]. The total voltage harmonic
distortion at all connection points shall not exceed the limits
specified in Table 1 as follows.

Design measures to reduce harmonic loss and provide
suitable operating solutions for users to improve the operating
efficiency of electrical equipment such as: replacing damaged
equipment, using AC reactors or coils resistance, DC for
inverter, 12-pulse rectifier solution, using an inverter with low
harmonics, using filter [11], [30].

Proper and appropriate use of sub-harmonic suppressors
will result in a reduction of harmonic currents of up to the
50th order (2500 Hz), user-selectable harmonic frequencies
filtered for greater efficiency, restore unbalanced current con-
sumption between phases of the power system and compen-
sate reactive power in an inductive or capacitive fashion [31].
These filters provide configurable preference functionality
for optimal use of filter capabilities according to installa-
tion needs. In case the power supply requires high-quality
filtering, the 8 filters are coupled in parallel and the filters
must have the same power. Depending on the specific envi-
ronment, the harmonic reduction filter is designed to be suit-
able such as automation factories, hotels, cinemas, hospitals,
or airports [10], [32]. The above arguments lead to our first
hypothesis.

Hypothesis H1: The operational efficiency (E) of the
power system has a positive relationship with the Power
Supply Quality (EPQ).

Grid security is the goal of providing solutions to make the
control system more secure and the benefits of digitization
increasingly stable. Connectivity is a cybersecurity challenge
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for surveillance automation and telecommunications infras-
tructure. In case, the power grid is compromised endangering
the users and reducing the reliability of the system [33].
The power supplier ensures the continuity of power system
operations with a comprehensive network of highly secure
systems. At its core is to provide a method of reducing risk
and enhancing network security from the sensor level to the
application level [34].

Attacking the national power grid is considered the most
dangerous model when critical infrastructure and essential
services of the power supply system cease to function [35].
Specifically, Power Consumption Tracking Utilities are com-
manded by grid operators to turn off equipment via radio
frequency when excess power is consumed. These signals
are not encrypted and can be interfered with by stronger
transmitters that hackers can use tomanipulate the electrical
system [36]. In case, all power systems are activated during
peak hours, the electricity network of the whole area will be
severely affected and Hackers can take control remotely and
change the current, attack the power grid, and cause dam-
age, animbalance between supply and demand, generating
overload leading to power failure [37]. In the past few years,
malicious attacks on electrical systems have begun to appear
in some parts of the world. The alarming thing here is that the
grid control protocols were designed decades ago and have a
lot of vulnerabilities for malicious attacks. Hackers broke into
the power grid, paralyzing substations and switches, causing
power outages that happened in December 2015 [38]. Hence,
we propose the next hypothesis.

Hypothesis H2: Grid security (S) of thepower supply sys-
tem has a negative relationship (-) to Power Supply Quality
(EPQ).

Reliability (R) of the power supply system includes supply
reliability, service quality, voltage quality, current quality,
supply quality, and consumption quality. Supply reliability
and quality of supply are when the power system is working.
There will be a problem with the frequency depending on the
quality of the equipment, the operating method of the sys-
tem, and objective factors. System response is related to the
distribution system’s ability to provide power to users [39].
Existing techniques for calculating the reliability of power
systems are all within the standard range [40]. Improve power
supply reliability by measures including quickly finding and
fixing problems, using short-circuit fault reporting devices,
equipment to detect underground cable problems, establish-
ing professional trouble-shooting teams, or constructing hot-
lines using the hotline system in repairing and maintaining
high-, medium- and low-voltage lines. Porcelain washers
effectively clean insulation with high-pressure water [41].
Hot oil filter improves transmission transformer oil quality
without power cut.

Power quality (PQ) includes voltage quality and current
quality which are factors that directly affect the operating
quality of electrical equipment. The best quality power supply
will be provided with a sine waveform whose amplitude,

frequency, or specifications meet the national standard sys-
tem combined with zero ohm impedance at all frequen-
cies [42]. Low power quality causes problems such as
overvoltage, equipment flickering, power consumption and
reduced lifespan of electrical equipment, louder motor, vibra-
tion, high temperature, anddamage tothegearbox. Capacitors
have the phenomenon of overheating, overvoltage, andca-
pacitor explosion. The transformer emits loud noise, large
vibrations, high temperature, higherflammabilityandexplo-
sion risk. Power transmission lines generate heat on the
lines, which burns the conductors. Electronic equipment is
damaged or short-circuited. The measuring device affects the
accuracy of the measurement [43]. Metallurgical furnaces
that smelt metals for a long time use a lot of electricity,
increasing electricity costs, and at the same time increasing
operating costs in production. The power grid has reduced
transmission capacity [44]. The power quality assessment
criteria are used to evaluate the operating efficiency of the
power system. The power quality assessment criteria can be
based on the provisions of Circular 39/2015/TT-BCT. You
can refer to it below. IEEE 519-2022 is the standard for
current and voltage harmonics. You can refer to the specified
table below (Tab. 2).

The nominal voltage level for the distribution power sys-
tem will include voltage levels: 110kV, 35kV, 22kV, 15kV,
10kV, 6kV, and 0.4kV. Under normal circumstances, the per-
missible power fluctuations such as residential load capacity
will not exceed±5%, power plants will not exceed+10% and
-5%. For single-power system failures, a tolerance of +5%
and -10% will be required. For serious faults, a tolerance of
±10% will be required. The rated frequency level is 50Hz,
andthe permissible frequency oscillation will be specified
with the following level: Under normal conditions, the given
oscillation frequency is ±2%. When the system condition
is not stable, the allowed oscillation frequency is ±5% (see
figure.2). Figure 2 shows that the power fluctuation of the
power supply when a serious fault occurs has a tolerance of
+/-10% and is up to 5% larger thanwhen aminor fault occurs.
This proves that the risk of a major incident is more and more
likely to arise. The oscillation frequency in the event of a
fault occurs with an allowable tolerance of +/-5% compared
to a normal state of +/-2% which is up to 6% higher. This
proves that the risk of impact affects the quality of equipment
using electricity. Verification of tolerance domains for power
and frequency fluctuations in the event of an electrical fault
to improve the quality of power supply and performance of
electrical equipment is a promising research topic. In the case
of the connector and power-down voltage supply up to 10kW,
the value of high-harmonic current should not exceed 5A for
1 phase, 14A 3 phases. In the case of the connector from a
power supply medium voltage or connector with a capacity
from 10kW to 50kW, the value of high-order current must not
exceed 20% of the load. In the case of a high-voltage input
terminal with a capacity greater than 500kW, the harmonic
current value will not overload 12% of the load. When the
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FIGURE 2. Distribution power system management standards.

phase balance is atthe stable operating level, the reverse order
component of the phase-breaking power level will not be
more than 3% of the nominal voltage at the110kV voltage
level. At the same time, the phase voltage will also not be
more than 5% at themedium voltage and low voltage levels.

Service Quality and Consumption Quality are a func-
tion of the failure intensity of electrical equipment. Damage
intensity is usually expressed as the number of failures per
kilometer of length in a year. Electricity service providers
for electricity users always monitor and measure the fol-
lowing information to provide quality services to electricity
users [45], [46]. Specifically, indexes such as SystemAverage
Interruption Frequency Index, System Average Interruption
Duration Index, Customer Average Interruption Frequency
Index, Customer Average Interruption Duration Index, Aver-
age Service Availability Index, Average System Interrup-
tion frequency index, Average System Interruption Duration
index, Energy Not Supplied, Average Energy Not Supplied,
Momentary Average Interruption Frequency index and Only
for blackout in case of long term failure. A large part of fail-
ures are transient, self-healing, for example lightning; birds,
rats, snakes; electric arcs. Devices that allow self-closing are:
reclose and circuit breakers equipped with RELAY 79 and
minimize the number of customers who lose power. Using
devices with fault isolation and segmentation functions such
as FCO, DS, LBS, and reclose. Combine with the source
transfer operation method [47], [48]. Thus, we hypothesize
that:

Hypothesis H3: Reliability (R) of thepower supply system
has a positive relationship with Power Supply Quality (EPQ).

III. RAW MATERIAL AND RESEARCH METHODOLOGY
Use of electronic components such as motor speed regulators
and control rectifiers have greatly increased the problem of
harmonics in the power supply system [49], [50]. Harmonics
have been around since the beginning of theindustry, mainly
due to the nonlinear reactance of magnetized circuits of trans-
formers, reactors, arc furnaces,and fluorescent lamp ballasts.
Harmonics in a symmetric 3-phase system usually have odd
orders of order like 3, 5, 7, and9 and their amplitude decreases
as their order increases [51], [52]. Completeelimination of

harmonics is not possible and it is not the subject of research
in harmonic control standards and regulations [53].

A. SOURCES AND MEASURES
In this study, to test the proposed hypotheses, alternative reli-
able secondary data sources were used including standards
for power quality management. We have collected metrics
from standards that control compatibility between distribu-
tion networks and products such as Standard IEC 61000-2-2
for public low-voltage power supply systems and Standard
IEC 61000-2-4 for low and medium-voltage industrial power
grids. The standards of distribution network power quality
control such as the standard EN 50160 which specifies the
grid properties provided by the public distribution network
and the IEEE 519 standardand IEEE 1459standardrepresent a
general approach to controlling harmonics that are caused by
non-linear loads on electrical equipment such as IEC 61000-
3-2 or EN 61000-3-2 for low voltage electrical equipment
with rated current below 16A and Standard IEC 61000-3-
12 for low voltage electrical equipment with rated current
between higher than 16A and lower than 75A. Table 3 sum-
marizes the structure and scale of each source.

Power quality is the core factor for electronic and electrical
components in theoperation, longevity, and accuracy of elec-
trical equipment [54]. This study shows that the complexity
and variety of sources affect power quality. Power quality
requires a lot of relatedknowledge such as engineering, man-
agement knowledge, and even related knowledge to ensure
information security for the power system [55]. Looking at
the economy with the explosion of smart electronic compo-
nents and with the development of smart systems such as
smart homes, andsmart factories, along with industry 4.0 and
the need to use a lot of control switches control and this is the
main source of harmonic generation in the power supply [56].
It is from the importance of power quality assurance and
specifically harmonic mitigation that we analyze the current
power quality control standards that organizations are using
and applying (Tab. 3)

B. CONSTRUCTS AND INDICATORS
From the mentioned sources, we select specific indicators
related to the meaning of the proposed structures. In Table 4,
we describe the composition of each structure and show the
descriptions of the indicators.

C. SAMPLING METHOD TO COLLECT DATA
In this study, a convenient sampling method was used to
collect data. Students and staff of the Faculty of Electrical
and IT Engineering, Van Lang University, and staff of the
power company in Ho Chi Minh City, Vietnam, were invited
to participate in the survey in May 2022. We use the ran-
dom sampling method (convenience sampling and a random
sample ensure equal chances of selection [57]) because it is
easily accessible to the participants and willing to participate.
In addition, the research lab of the control equipment of the
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TABLE 2. Current distortion limits for systems rated 120 V to 69 Kv ( IEEE 519-2022, pg.19).

TABLE 3. Data sources and scales.

electrical-computer department requires the quality of the
power supply to be stable and free of interference to ensure
the correct operation of the equipment. HCMC Power Com-
pany provides uninterrupted power and ensures stable power
supply quality. The criteria are select participants is to have
basic knowledge, understanding, and awareness of electricity
and electrical equipment. A survey (closed questionnaire)
in English and Vietnamese using a 5-point Likert scale to
collect data. The questionnaire was sent to 3 experienced
researchers in electricity at Van Lang University, and the
questionnaire was re-completed according to the suggestions
of those 3 researchers. Measure each of thespecific content
in the standards to ensure the validity and reliability of the
research.

A total of 600 responses were collected and after removal
45 answers are missing or incomplete, possibly because
participants did not read the question carefully and did not
understand the content of the question or answered without

noticing that the content was missing, 555 answers yes can be
used for data analysis. 95% of survey respondents are male
and 5% are female. All survey participants had knowledge
and experience in electricity and electrical equipment for
2 years or more and were well aware of electrical engineering
and well understood that harmonics affecting power quality.
45% of the participants enrolled in the Bachelor of Electrical
Science. 10% have registered to study Master of Information
Technology. 10% of the participants were Ph.Dstudents, 10%
were staff of the Faculty of Electronics and Communication
and 25% of the participants were officers of apower company
in Ho Chi Minh City, Vietnam.

This study performed data analysis using a multi-step
approach like that of PLS-SEM and deep learning neural net-
work analysis. Deep learning neural network analysis yielded
useful results inadjusting complex linear and non-linear rela-
tionships with a high degree of predictive accuracy compared
toSEM method [58], [59]. However, the PLS-SEM model is
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TABLE 4. Indicators and constructs.

a preferred analytical method in applied research technology.
ANNs are useful for research content where the theory is
weak or theunderstanding of the underlying relationships is
limited.

In this study, thePartial Least Squares Structural Equations
Modeling (PLS-SEM) model is deployed and analyzed first.
Dash et al. [60], [61] recommend implementing the PLS-
SEM model, as it performs better under the condition of
asmall sample size and does not include normality and no
distributional assumptions. In addition, Leong et al. [62]
stated that PLS-SEM analysis is a more efficient approach
than CB-SEM in the results of a real model and Lee et al. [63]
have made a detailed comparison of PLS-SEM and CB-SEM.

In the secondary analysis step of this study, we propose
to use deep learning-based Artificial Neural Network (ANN)
analysis to complement the PLS-SEM results. Deep learning
ANN analysis is performed using two hidden layers in ANN
modeling, which is considered to be amore accurate approach
than one hidden layer methods [64], [65]. The details of
PLS-SEM and ANN deep learning are presented in the fol-
lowing sections.

D. PLS-SEM METHODOLOGY
In this study, we chose the structural equation model (SEM)
[58] because of the ability to model all the paths at the
same time. In addition, this study proposed apartial least
squares method (PLS-SEM) instead of based on covariance
(CB-SEM) for the following purposes: (1) PLS model has
minimal limitations on measurement of scale, sample size,
and residual distribution, (2) Analysis using the PLS model
does not assume truly independent variables, leading to more
reliable results, and (3) the PLS model performs robustly and
effectively can resist data bias and ignore an independent
variable [63].

The normative literature on power quality management
shows an increasing complexity in the issues and this research

model is made of observations due to the correlation between
established theoretical quantities and data availability. The
PLS-SEM model can be considered as one of the most inno-
vative approaches in the field of evaluating very complex
problems [60], [61]. This method has proved particularly
valuable for exploratory purposes and is considered suitable
for explaining complex relationships, such as those arising
from institutions, standards, and quality assurance amount of
power supply.

Data were evaluated using Smart-PLS to help identify rela-
tionships between latent variables E, S, and R as indicators of
institutional quality and their impact on EPQ.

The variables were modeled as reflective constructs since
the indices were expected to cooperate. The indicators have
the same theme in the mirroring pattern. Therefore, indicators
must have the same premises and consequences.

Model Specification:
Our research model has set technical points including

16 indicators (X1, X2, X3,. .n., X16) and 4 latent variables
(Y1, Y2, Y3, Y4). The latent variables Y1, Y2, Y3 affect Y4
and the measurement model is as follows:

X1 = Y1C1 + ε1

X2 = Y2C2 + ε2

X3 = Y3C3 + ε3

X4 = Y4C4 + ε4

X5 = Y5C5 + ε5

X6 = Y6C6 + ε6

X7 = Y7C7 + ε7

X8 = Y8C8 + ε8

X9 = Y9C9 + ε9

X10 = Y10C10 + ε10

X11 = Y11C11 + ε11
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X12 = Y12C12 + ε12

X13 = Y13C13 + ε13

X14 = Y14C14 + ε14

X15 = Y15C15 + ε15

X16 = Y16C16 + ε16

In our study, X is called the indices, Y is called the latent
variables, C is called the loads relating the latent variables to
the indicators, and is called the residual of the variables. Our
measurement model is represented by the analytic indicators
and each is assumed to affect the corresponding latent vari-
able. As a result of the study, all endogenous variables were
observed.

The measurement model of this study is expressed through
formula (1).

X = C ′Y + ε (1)

In the measurement model of this study, X is called vector
J according to 1 of all indicators, Y is called P according to
1 vector of all latent variables, C is called a P according to
the matrix J of the loads related to the latent variables P to J
indices, and is called the vector J according to 1 remainder of
all Indicators. In our research model, J and P are indicated by
16 (indicator) and 4 (latent variable), respectively.

The structural (internal) model of this study is proposed
to show the relationship between latent variables and is
expressed by the following formula:

Y4 = Y1β1 + Y2β2 + Y3β3 + τ4

This is where β is called the path coefficient relating one
latent variable to other latent variables and is called the resid-
ual of the latent variable not explained by the corresponding
exogenous latent variable. In the model, Y1, Y2, and Y3
are called exogenous latent variables, while Y4 are called
endogenous latent variables.

The above research model is expressed by formula (2).

Y = B′Y + τ (2)

In the structural model of this study, B is called the P-by-P
matrix of the path coefficients relating P the latent variables to
each other and is called a vector P times 1 of the residuals of
all latent variables. The weight relationship for the proposed
model is as follows:

Y1 = X1ω1 + X2ω2 + X3ω3 + X4ω4 + X5ω5

Y2 = X6ω6 + X7ω7 + X8ω8 + X9ω9 + X10ω10 + X11ω11

Y3 = X12ω12 + X13ω13 + X14ω14 + X15ω15

Y4 = X16ω16

In the weighted relational model of this study, W is called a
J because the weight matrix P assigns J indices, thus, leading
to latent variables P. Expressed by formula (3).

Y = ω′X (3)

FIGURE 3. Indicator loadings. Source: Results from Smart-PLS software
3.3.3.

TABLE 5. Construct validity and reliability.

TABLE 6. Discriminant validity-HTMT.

In a nutshell, general, structured component analysis
involves three sub-models that take the form of the following
general formula:

Measurement model : X = C ′Y + ε

Structural model : Y = B′Y + τ

Weighted model : Y = ω′X

where:
X is a J by 1 vector of indicators
Y is a P by 1 vector of latent variables
C is a P by J matrix of loadings
B is a P by P matrix of path coefficients
W is a J by P matrix of component weights
ε is a J by 1 vector of the residuals of indicators
ζ is a P by 1 vector of the residuals of latent variables
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TABLE 7. Hypothesis results.

E. ASSESSMENT OF THE MEASUREMENT MODEL
Run bootstrapping in smart-PLS of the PLS-SEM model to
evaluate the statistical significance of this research model.
Figure 3 shows the analysis results of the PLS-SEM model.
The reliability and measurement values of the model are
similar and have been tested on the PLS-SEM model. All
indicators are highly correlated with their intended structure.
The obtained indices are almost all higher than the threshold
of 0.70, which proves that all indicators represent the struc-
tural model of this study.

To evaluate the internal consistency of this research model,
we use Cronbach’s alpha index and Heterotrait-Monotrait
Ratio (HTMT) composite reliability, to perform the assess-
ment. The Cronbach’s Alpha coefficient has results ranging
from 0.891 to 1,000 and all of these values are greater than
the minimum score of 0.7. The composite reliability value
index is more than 0.7 and exceeds the full-level minimum.
This proves that the data used for this study are consistent
and responsive to the PLS-SEM model analysis. The result
of the extracted mean variance (AVE) is greater than the
recommended minimum of 0.5 (see Table 5).

In this study, we tested the discriminant validity of struc-
tural indices using the HeterotraitMonotrait Ratio (HTMT).
Values below 0.83 indicate adequate discriminant, (see
Table 6).

Additional information about the measurement model of
this study is presented in Table 12: Descriptive Statistics,
Table 13: Mean, STDEV (Standard Deviation), T-value, P-
value, interval confidence, Table 14: Outer-Average Load,
STDEV, T-Value, P-Value, Confidence Interval, Table 15:
Outer VIF value and Table 16: Indicator Correlation.

F. ASSESSMENT OF THE STRUCTURAL MODEL
For the structural model of this study, the internal VIF (Vari-
able Inflation Factor) value indices are examined. The results
of theVIF indicators are below the recommended threshold of
5.0. In addition, the path coefficient is statistically significant
at the 95% level.

In this study, the indicators of predictive accuracy, the
coefficient of determination (R2), andexogenous structural
factors (E, S R) explaining 41% of the endogenous struc-
ture (EPQ), were considered as tissues. This study model
has a regulatory effect. This criterion recommends that the
conceptual model predicts latent structures endogenously.
In our model, the value for EPQ is 0.504, values greater than

FIGURE 4. Model results (Source: Results from SmartPLS software 3.3.3.

0 suggest that a specific endogenous structure is considered
relevant. Evaluatingthe effectiveness size (f2) shows that the
effect size of E(0.019) is small, S(0.144) is moderate and
R(0.203) is significant, see Table 6.

G. DISCUSSION OF FINDINGS
In this study, the path model used to evaluate is important
based on the estimated path coefficients as valid and the sig-
nificance levels of the path coefficients in the model analysis.
P-values analyzed from the bootstrapping analysis results of
the PLS-SEMmodel were used as this evaluation index of the
different paths in the research model. The results of thecard
analysis are shown in Table 7 and Figure 3.

This study shows the results of the external model on the
indices of the load factor and the index of p-values, and
the internal model in the indices of the path coefficients and
the index of the p-values (see figure 4). Arrows represent the
absolute value of each path in the research model. As dis-
cussed above, this index is very important for the path model
of this study (see table 6)

In this study, we found that thereliability factor (R) pos-
itively affects power quality (EPQ) [21]. The long-term and
safe operation of electronic components is completely depen-
dent on the quality of the power source. Supply reliability
and service quality factors bring stability to the operation
of electronic components. The factor of voltage quality and
current quality affects the operating properties of electronic
components and equipment, it makes electrical equipment
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TABLE 8. PLS Prediction results.

FIGURE 5. ANN model.

stable or not, In case harmonic interference occurs in the
power supply, the power supplier sends out warnings and
requires users to comply with electrical safety measures, so it
determines the life of the electrical equipment. For the case
of security factor (S), all the metrics in the PLS-SEM model
are suitable, but the individual user or operator of the power
system is relatively in compliance with the requirements for
ensuring the use of loads in the power system [26]. Promo-
tional activities for research to improve the quality of power
system operation such as financing for research and training
services, FDI and technology transfer, programs to improve
system quality of education, programs to improve the qual-
ity of research and scientific institutions, and to strengthen
university-company partnerships. Regarding the efficiency
factor (E), the measurement indicators in the study are appro-
priate, which proves that the users and operators have suf-
ficient knowledge about operation and control actions in
electricity use as well as in the use of electricity such as
using electrical equipment [26].Ensuring power quality and
prolonging the life of electrical equipment and at the same
time ensuring the transmission system of electrical equipment
is free from interference is a complex issue.

Furthermore, this study is used to evaluate the predictive
relevance ofthe cross-validated redundancy assurance mea-
sure, the index of the Stone-Geisser criterion Q2 is also used
by theblindfold method [66]. The index of the Q2 value

TABLE 9. ANN model RMSE values.

TABLE 10. Input predictor relative importance.

TABLE 11. Summary of ranking importance.

(i.e., Electric Power Quality (EPQ) = 0.356) exceeds the
threshold value of 0, which demonstrates that the predicted
association is strong. Moreover, this study also uses thePLS-
prediction algorithm to analyze and prove the predictive
relationship of PLS model performance for Latent Variables
(LV) and Visible Variables (MV) [67]. The PLS-predict
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TABLE 12. Indicators descriptive statistics.

TABLE 13. Mean, STDEV, T-Values, p-Values, confidence intervals.

TABLE 14. Outer Loadings: Mean, STDEV, T-Values, p-Values, confidence intervals.

method includes linear model predictions (LM) and Q2 mean
indices tomeasure prediction quality byMeanAbsolute Error
(MAE), Mean Root Mean Square Error (RMSE) ) and Mean
Absolute Percent Error (MAPE) of the PLS path model esti-
mates. Table 8 shows the potential PLS-predict performance
of the structure (Used for Electric Power Quality) and its
three display factors (E, S, and R). The findings showed that
the PLS-SEM value was lower than that of the simple linear

model (LM) value and that the Q2 value was also higher than
0 indicating higher predictive power [68].

H. DEEP LEARNING ARTIFICIAL NEURAL NETWORK
(ANN) METHODOLOGY
In this study, the second analysis step using the ANN model
is an additional analysis step for the analysis results of the
PLS-SEMmodel and the goal is to highlight each predictor of

VOLUME 11, 2023 40601



M. L. Duc et al.: Analysis of Factors Affecting EPQ: PLS-SEM and Deep Learning Neural Network Analysis

TABLE 15. Outer VIF values.

TABLE 16. Indicator correlation.

related importance. Analysis results of theANN model have
higher prediction accuracy than PLS-SEM models because
they are capable of evaluating data sets that have linear or
non-linear relationships [68]. Analysis by ANN model using
Multilayer Perceptron Method (MLP) modeled with SPSS
v22.MLP analysis includes inputs, hidden layers, and outputs
[59], [69]. In this study, the recommended ANN model with
deep learning uses two hidden layers in ANN [64], [65].
The benefit of using two hidden layers in the ANN model
is to enable deeper learning on the output neuron node [64].
The ANN learning model uses the sigmoid function for both
the hidden layer and the output layer of neurons and serves
as the activation function. Furthermore, the ranges between
0.1 and 1 for both input and output neurons are normal-
ized to enhance the performance of the ANN deep learning

model. The ANNmodel has 3 inputs: Efficiency, Securityand
Reliability, and the output: Electric Power Quality. Figure 5
shows the deep learning ANN model.

The ANNmodel was calculated using the root mean square
of error (RMSE) for the test data (30%) and the training
(70%) set [58]. Table 9 shows the analysis results of the ANN
model and the lower RMSE value indicates higher prediction
accuracy [59], [69].

Furthermore, this studyhas sensitivity analysis performed
to find the relative importance of each input predictor such
as Efficiency (E), Confidentiality (S), andReliability (R).
Table 10 shows the detailed analysis results of the model.
In this study, the finding of relative importance shows that
reliability is the first predictor of electric power quality
assurance, followed by security as an important predictor in
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TABLE 17. List of proposed indicators.
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TABLE 18. List of abbreviations.

second. However, the efficiency factor has the weakest effect
of all. This proves that the measurement indicates users and
operators have sufficient knowledge of operation and control
actions in electricity use and electricity use.

IV. RESULT AND DISCUSSION
This study conducted extensive research on electric power
quality with neural network methods based on deep learning.
This study was carried out following a multi-step approach
using the PLS-SEMmodel and deep learning artificial neural
network (ANN). A method of displaying useful information
regarding electric power quality by predicting the relative
importance of inputs such as Efficiency (E), Security (S), and

Reliability (R). The results of the PLS-SEM model analy-
sis show that Reliability (R) has P- Value = 0.000 and F-
Square = 0.201 (Table. 7) which proves that R has a strong
impact on power quality (PQ).). Next, the Security factor
(S) has P-Value = 0.000 and F-Square = 0.102, and Effi-
ciency (E) has P-Value = 0.000 and F-Square = 0.012 prov-
ing that the S and E factors are affected PQwith the following
2nd and 3rd. At the same time, the analysis results of the
ANNModel show the average relative importance of the Reli-
ability factor (R) = 0.398, followed by the average relative
importance of the Security factor (S) and the Efficiency factor
(E) = 0.355 and 0.240. This proves that factor R has a strong
effect on PQ, and the second and third positions are followed
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by the S factor and the E factor. Both PLS-SEM and ANN
analysis gave analytical results indicating that Reliability (R),
Security (S), and Efficiency (E) impact PQ as 1st, 2nd, and
3rd respectively.

The results of the analysis of the PLS-SEM model by
smart-PLS show the results of the Performance-Importance
Map Analysis (IPMA) [70] to build further findings on
the significance of the model. The IPMA findings include
two dimensions of interest, namely performance and signifi-
cance [70], [71]. Performance metrics are typically rated on
a scale of 0 to 100. Performance-importance map analysis
involves identifying an objective in the PLS path model, that
is, in the field. Our case is electric power quality. The strong
effect of the Reliability factor (R) which has great signifi-
cance for increasing acceptance of electric power quality. The
Security Factor (S) has the second highest importance and the
Efficiency Factor (E) has the lowest importance.

Table 11 summarizes the results for the relative importance
of PLS-SEM, ANN, and IPMA. The analysis results of the
PLS-SEM model and the IPMA analysis chart show the
relative importance ranking of predictive variables such as
Reliability, Security, and Efficiency. At the same time, the
analysis results of the ANN model also show that Reliability
is the most important predictive input for electric power
quality, followed by Security and Efficiency factors.

V. CONCLUSION
In summary, the results of this study reveal that the Reliability
factor (R) has the strongest impact on Electric Power Quality
(EPQ), the factors related to Reliability (R) include supply
reliability, service quality, voltage quality, current quality,
quality of supply, and quality of consumption improve the
quality of power sources in the industrial 4.0 period, the
period when electronic switches are used to control switch
and are the place where harmonics are generated, causing
instability to the power quality. There are many methods
implemented for harmonic mitigation. However, at present,
soft computing methods in shunt active power filtering
by mathematical models of meta-heuristic optimization are
being interested and implemented by many researchers.

Limitations of this study include data collection, it was
only based on students and employees of power companies
in Ho Chi Minh City, Vietnam. Therefore, the results are less
likely to generalize. Future studies should extend the study to
other countries. In addition, it is proposed to use the same
data set to perform the comparison of shallow ANN and
deep ANN methods. This study only stops at data analysis
and survey and proposes to use soft computing methods in
harmonic mitigation with shunt active power filters using real
models. Build a power network control system with tools in
Lab-view software and save data in real-time with the goal of
controlling the real-time power usage that users need.

APPENDIX A
See Tables 12–16.

APPENDIX B
See Table 17.

APPENDIX C
See Table 18.
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