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Abstract: The global economy’s slow recovery has led to an increased need for transformers in
organizations in recent years. An optimal strategy for production line optimization is to enhance
the allocation of staff at each workstation and increase the amount of operational equipment. The
focus of this study is the investigation of the transformer production line. This study carried out a
comprehensive examination of manufacturing area one, manufacturing area two, and manufacturing
area three, respectively. The findings revealed that the case factory requires enhancements in the
allocation of its workers. The simulation approach allows for the implementation of multi-scenario
evaluation and adjustment, ensuring optimal utilization of resources in the enhanced production line,
hence enhancing production efficiency and total productivity. Implementing both rotational shifts and
night shifts in manufacturing area one enhances the overall production efficiency of the manufacturing
area. By redistributing the workforce in area two, it proved feasible to manage the production capacity
of a manufacturing area and maintain the operation of the gas-phase drying furnace. With regard to
the final aspect, it is imperative to enhance the processing time of preprocessing goods in order to
guarantee a consistent supply of the appropriate quantity of products. This will effectively minimize
production line delays and enhance overall production efficiency. These enhancement strategies
aid the manufacturing company in optimizing resource allocation to enhance production efficiency
and productivity.

Keywords: FlexSim; system simulation; manpower allocation; bottleneck analysis; heavy electrical
industry; transformer

1. Introduction

The heavy electrical industry plays a vital role in Taiwan, supporting Taiwan’s eco-
nomic development and infrastructure construction. Among them, large power transform-
ers, as one of the critical components of the heavy power industry, have an important status
and function [1]. In recent years, there has been a notable surge in enterprises’ demand
for transformer products, propelled by the gradual recovery of the global economy [2].
This trend underscores the interconnected relationship between economic vitality and
the demand for foundational technologies, positioning transformer products as integral
contributors to the evolving landscape of global industrial and technological progress. As
the economic situation improves, companies’ demand for expanding production capacity
and enhancing efficiency also increases.

This study takes an extensive power transformer production line as a study object.
The case factory discussed in this study is a large-scale power transformer production
line. Since the production process of large-scale power transformer production lines relies
heavily on a large workforce to support production operations, it is crucial to study and
discuss how to allocate a force at each workstation. The case factory confronts a critical

Appl. Sci. 2024, 14, 519. https:/ /doi.org/10.3390/app14020519

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app14020519
https://doi.org/10.3390/app14020519
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-6503-0599
https://orcid.org/0000-0003-0557-5308
https://doi.org/10.3390/app14020519
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app14020519?type=check_update&version=1

Appl. Sci. 2024, 14, 519

2 of 24

operational challenge characterized by a bottleneck problem arising from a situation of
substantial work in process (WIP) accumulation. The presence of this bottleneck, where
the production capacity is constrained by the slower pace of a specific stage or process,
poses a significant impediment to the overall efficiency of the manufacturing system. The
accumulation of work in process, indicative of excess inventory at various production
stages, not only hampers the flow of the manufacturing process but also jeopardizes timely
order fulfillment and resource utilization.

This study believes that this problem has a significant impact on production line
efficiency and production capacity. Therefore, researchers conducted detailed meetings
and discussions with case factories to understand the current production line operations
and problems. During these discussions, the researchers and relevant personnel from
the case factory discussed possible causes of WIP accumulation and possible solutions.
Improving the production efficiency of transformer production lines is an issue worth
exploring. By analyzing and optimizing workforce needs, optimal workforce allocation can
be achieved to ensure the smooth operation of the production line, improve production
efficiency, and reduce costs. These research results have important guiding significance
for the corresponding industries and play a positive role in promoting the application
development of simulation software.

Research by [3] suggested a unique kind of system that completely subjects the control
mechanism of a system to forecasts of future bottleneck events, the recent idea of bottleneck
prescription. Meanwhile, the authors of [4] conducted a systematic literature study that
examined the impact of industry 4.0 on bottleneck analysis in production and manufactur-
ing cases. Furthermore, Ref. [5] used bottleneck analysis on lithium and boron recovery
technologies from oil- and gas-produced water, an area considerably removed from the
foundational origins of bottleneck analysis. While bottleneck analysis has been well studied,
even in the remote field and current context of industry 4.0 and model prescription, it has
not received much attention in the specific power transformer production line context.
The present study addresses this gap and performs in-depth research and analysis of the
corresponding bottleneck stations in a case factory. Based on the discussions with case
factory personnel, the researchers divided the onsite process data into manufacturing areas
one, two, and three to understand each block’s operation. The analysis shows that there are
corresponding bottleneck stations in each production area, that is, key stations that affect
the production capacity of the entire production line. To conduct in-depth research and
analysis of the corresponding bottleneck stations, this study uses the simulation software
FlexSim 2022 to establish a virtual model of the related production area and simulate the
production environment of the actual production line. At the same time, the production
data of the past three years were collected as relevant data for each workstation in the
model. Through the simulation model, different production areas and production con-
ditions can be simulated and analyzed, and the potential impact of varying workforce
configurations on production line efficiency and production capacity can be studied for the
bottleneck stations in each production area to evaluate various possible effects of improve-
ment strategies on production line capacity. Through this research, effective solutions can
be proposed to improve the operation of the production line, reduce WIP accumulation,
increase the liquidity of the production line, and improve production efficiency.

2. Materials and Methods
2.1. Methodology

In this study, a simulation case study was applied as the methodological approach.
The following is an elaboration of the key components encompassed in the methodology of
a simulation case study. We conducted our case study in accordance with the approach
recommended by [6]. First, define the specific objectives of the simulation case study,
including the questions or challenges the study aims to address within the context of
the identified problem in production line. Second, conduct a thorough review of the
existing literature to identify relevant theories, models, and methodologies related to the
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simulation of systems and the literature on productivity improvement research on each
workstation through system simulation. By referring to past simulation and productivity-
related literature, we understood and became familiar with various practical applications
of simulation and workforce planning to solve practical problems.

Furthermore, the next stage was building a conceptual model—the development of
a conceptual model describing the environment, production line data, production line
process logical structure, description of each group’s scenarios, and description of the
production line parameters and data used by each group in the model. The design of
simulation models and assessment of their improvements are described in the conceptual
model. The subsequent step involves determining scenarios in model simulation. The
selection of multiple scenarios is underpinned by thorough discussions with case company
personnel. Each chosen scenario represents a unique set of conditions and parameters that
are deemed critical to the understanding of the production lines processes. Each scenario
was evaluated not only in terms of its representativeness of actual operational conditions
but also with respect to the feasibility of inducing or replicating such conditions within the
production environment.

Afterward, the focus shifts to collecting data. The data collected from the production
line covers all aspects of the production line of the case factory, including the production
hours of each workstation, the types and proportions of production raw materials, the
production line process, the number of production personnel at each workstation, the
production restrictions of each workstation, and the machines of specific workstations. To
make the simulation more accurate, we collected production data from the past three years
and integrated and analyzed various data. Among them, the production working hours of
each workstation were analyzed using the analysis software MiniTab. Then, data analysis
was conducted on the data to confirm what kind of continuous probability distribution
they belong to.

This study conducted a series of observations and discussions with case factory per-
sonnel to gain an in-depth understanding of the production line operations and problems
faced by the case factory. Through focus group discussions and onsite debate by researchers,
the entire production line was divided into three production areas: manufacturing area
one, manufacturing area two, and manufacturing area three. This division provided the re-
searcher a clearer understanding of each production area’s operation and related conditions.
A discussion of results regarding the completed production line model and individual
issues in manufacturing areas one, two, and three was carried out. A reflection of the
research was performed as a suggestion for potential future research based on the research
and results of this paper. Due to data availability, data were collected from the past three
years. The simulation assumes that the system reaches a steady state, where its behavior
becomes consistent over time. It implies that the results may not accurately represent
transient phases or sudden changes in the system. The generalizability of the results may
be limited to this specific case company because of industry-specific characteristics of
transformer factory and limited variables included in this study.

2.2. System Simulation

System simulation is a tool used in system design and analysis, ranging from manufac-
turing to service organizations. It optimizes processes, reduces waiting times, and increases
efficiency and competitiveness. Simulation-based production planning can also increase
productivity by streamlining work strategy time [7-9].

Transportation systems are primarily evaluated through simulation analysis, which
helps in understanding traffic operation efficiency, potential problems, and improvement
plans. System simulation can also assist decisionmakers in management and work research
when system problems are complex and cannot be determined based on empirical methods
alone. System models are classified into deterministic and stochastic, static and dynamic,
and continuous and discrete [10]. Deterministic models use fixed parameters, while stochas-
tic models consider random probability factors. Deterministic models simplify systems
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or predict outcomes under fixed circumstances [11], while dynamic models consider time
changes and system changes over time [12].

Continuous models change the system’s state continuously over time, such as changes
in water levels in a reservoir. Continuous simulation is suitable for predicting rainfall and
floods, while constant models describe continuously changing systems [13]. In contrast,
discrete models change state variables intermittently at specific points in time, such as
in manufacturing production processes where production activities may occur intermit-
tently [14].

Several software packages can support analysis in practical simulation applications,
including FlexSim, Arena, Plant Simulation, etc. The advantage of FlexSim in simulation is
that the software uses 3D objects to build models, which can be used to build models more
intuitively and save time. The software can also be customized for 3D objects, including
freely adjusting components, interfaces, logic, and behaviors. In addition, FlexSim can
also be combined with files from other software to make the virtual production line more
realistic. For example, FlexSim can import layout drawings drawn using AutoCAD, or
models that can be imported into 3D drawing software such as Inventor and Solid Works,
and applied to the production line. FlexSim has powerful simulation capabilities and
can simulate and analyze charts at the same time. Through the built-in dashboard in the
software, graphs can be generated for various data in the model, allowing for faster analysis
(Chinese Encyclopedia of FlexSim Software Introduction, 2023). Combining the above
points, this study uses FlexSim simulation software for simulation analysis. The software’s
customizability, high-performance simulation engine, high-efficiency data analysis, and
high visualization advantages meet the analysis needs of this study.

There have been many studies on system simulation at home and abroad. For example,
in the study [11], it was mentioned that the logistics and commodity warehousing costs of
e-commerce companies in actual operations are incredibly high. When e-commerce compa-
nies introduce automated three-dimensional warehouses, FlexSim simulation software is
used to model the automated storage and retrieval system (ASRS), and bottleneck analysis
and optimization are carried out for the sorting and processing outflow of materials so that
e-commerce companies can operate efficiently. In the research of [12], FlexSim was used
to model the queuing system of the vise production line, and the simulation was used to
confirm whether the product production process and production output volume can meet
the target output. This study pointed out that the production line’s capacity in one change
in a single day differed from the actual production; there was a 12% error in the quantity.

System simulation can not only perform production simulation for production lines but can
also be used in companies that need to build new factories. The FlexSim simulation model was
used to conduct a detailed analysis of the original layout of the factory [13,14]. A large amount
of data was collected through these simulation experiments, and a comprehensive study
was conducted to analyze the bottlenecks and efficiency issues in the factory production
process in depth. Using the analyzed data, researchers proposed improvement strategies
and used them to optimize the factory’s production layout and techniques to improve
production efficiency and quality.

2.3. Productivity

Productivity is the ability of businesses and organizations to produce products or
provide services within a specific period. By optimizing processes, improving resource
utilization, improving efficiency, and introducing new technologies, productivity can be
increased, and more significant benefits and competitive advantages can be achieved.
Effective productivity management helps improve efficiency, reduce costs, and enhance
competitiveness and is crucial to developing the economic system. To improve factory
productivity, one needs to focus on worker productivity and identify the causes of low
productivity. Measuring worker productivity can be assessed by comparing the actual and
expected output, such as the number of units produced per hour, or the time required to
complete a task. A worker’s productivity level can be assessed by comparing the worker’s
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actual shift time to the hours needed to perform the job. To improve worker productivity,
factories must continually optimize processes, increase efficiency, and provide appropriate
training and resources. These efforts help improve the profitability and competitiveness
of the entire organization [14-16]. Research shows that reasonable and flexible working
hours are key strategies to improve productivity. Employees can achieve a better work—
life balance, reduce fatigue, and enhance work performance by developing flexible work
schedules. In addition, providing a healthy working environment is also an essential
factor in improving productivity [16,17]. A good work environment improves employee
morale and job satisfaction, enhancing job performance. In addition, regular employee
training and opportunities for continuous learning can also improve their skill levels
and productivity [18,19]. These measures help motivate employees and enhance their
professional knowledge and skills, increasing productivity and competitiveness. Therefore,
companies should focus on arranging working hours appropriately, providing flexible work
options, and being committed to creating a good working environment while providing
ongoing training and development opportunities to improve employee productivity and
performance [20,21].

As a method to improve productivity, analysis of overall equipment efficiency (OEE)
and overall throughput efficiency (OTE) is used to improve manufacturing productivity in
modern manufacturing; companies pursue improving production efficiency and quality
to remain competitive and improve performance [19,22,23]. Through system simulation
methods, researchers can simulate different manufacturing scenarios and evaluate the
impact of various improvement strategies on production efficiency. This system simulation
method can enable the manufacturing industry to understand better potential problems and
improvement opportunities in its manufacturing process. It can formulate and implement
corresponding strategies in a targeted manner. This helps increase production efficiency,
reduce costs, and improve product quality, thereby enhancing the competitiveness and
performance of enterprises.

A decision support system was used in a study by [24] to assess, analyze, and perhaps
change the production process at a facility that makes wooden goods. Graphical simulation
is a common element of decision support systems that enables users to visually query
the system, find new process configurations, shorten worker operation times, and create
more units [25]. To increase the capacity of ceramic production facilities and shorten their
production times [22,26], as well as to lessen the detrimental effects of machine failures on
the efficiency of packing and filling lines that produce fast-moving consumer goods [23], a
simulation-based decision support system may also be coupled with process re-engineering.
By guaranteeing that the underlying source of decision-making uncertainties is found
through real-time simulation application, simulation in a production setting promotes
stability [27,28]. In business, simulation ensures the manufacturing system. A productive
manufacturing system is primarily driven by performance and high standards [29-31].

3. Results

This study conducted a series of observations and discussions with case factory per-
sonnel to gain an in-depth understanding of the production line operations and problems
faced by the case factory. Through comment and onsite debate by researchers, the entire
production line was divided into three production areas: manufacturing area one, manu-
facturing area two, and manufacturing area three. This division provided the researcher a
clearer understanding of each production area’s operation and related conditions.

The data collected from the production line cover all aspects of the production line
of the case factory, including the production hours of each workstation, the types and
proportions of production raw materials, the production line process, the number of
production personnel at each workstation, the production restrictions of each workstation,
and the machines of specific workstations. To make the simulation more accurate, we
collected production data from the past three years and integrated and analyzed various
data. Among them, the production working hours of each workstation were analyzed
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using the analysis software MiniTab. Then, data analysis was conducted on the data to
confirm what kind of continuous probability distribution they belong to.

The results show that the production working hours in the past three years are close
to normal distribution. However, the case factory did not have more detailed information
for analysis, so this model used the normal distribution of the production working hours
of each station. We set up and determined the model’s credibility by analyzing the current
model and comparing it with onsite production conditions. The remaining data were
sorted, summarized, and input into the simulation software FlexSim, so the simulation
results were close to the actual production line. The data gathered from the manufacturing
are discussed below:

1.  Manufacturing area one

The production capacity of the production line is mainly affected by the proportion of raw
materials produced, drying sequence, and personnel allocation in the first manufacturing area.
Various problem scenarios were established based on key production factors.

2. Manufacturing area two

The problem of semifinished product WIP accumulation occurred in this production
area, which caused delays in the production line and increased production time.

3.  Manufacturing area three

In this production area, due to the large volume of the products, the capacity in the third
manufacturing area is limited and can only accommodate up to fifteen products simultaneously.

3.1. Factory Layout Diagram Establishment

Based on different production line processes, the case factory divides the production
area into manufacturing areas one, two, and three. By establishing a virtual model con-
sistent with the actual production line through regional differentiation, production line
problems can be solved through simulation. The factory layout is shown in Figure 1.

Manufacturing Area One

Vertical winding

Manufacturing Area Three

Painting

Core

Line area
assembly

—)

Hot air drying E::> Mind body Assembly
oven ?

1

Horizontal winding

T v 7 1L

Core Put into the bucket Quality Control

TN &

Gas phase drying oven |::> Barrel processing

Assembly

Manufacturing Area Two

Figure 1. Factory layout diagram.
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3.2. Staffing

The virtual model builds corresponding workstation personnel for each production
line process. Since some processes in the case factory are produced 24 h a day; this study
collects the actual production periods of each workstation personnel in the production line
and uses manufacturing. The process is to differentiate and organize the number of people
in the morning, middle, and evening shifts. According to the process, it can be divided into
seven groups: winding, wire group, core, assembly, processing, assembly, and painting,
and they correspond to A to G codes, respectively. The initial staffing configuration of each
workstation in this study is shown in Table 1.

Table 1. Initial personnel configuration of each workstation.

Vertical Horizontal Line Deal

Group Winding Winding Group Core Establish With Assembly  Painting
Code name Al A2 B C D E F G
Morning 11 12 8 24 4 15 8
Number =~y 4 dle 6 i i i i 7 i
of people
Night 7 8 4 9 - - 2

3.3. Standard Working Hours

This study built a model by obtaining the standard working hours data of each
workstation from the case factory and conducted research on the working hours of each
workstation of the product for three years, from 2020 to 2022. After classifying the data
according to production groups and using statistical software, Minitab was used to analyze
the statistical distribution of the data of each workstation and confirm that the working
hours data of each workstation conformed to the normal distribution. The station’s average
value and standard deviation were then input into the simulation software FlexSim to set
the processing time, thereby making the production line model conform to the factory’s
actual production conditions.

3.4. Production Line Process

This study used the personnel groups and production processes provided by the case
factory to establish a production line flow chart, which were used to present the product’s
production process and the flow relationship of each workstation. It was also easier to
observe the analysis needs in the model through the flowchart. The production line process
is shown in Figure 2.

3.5. FlexSim Model Construction

This study built FlexSim virtual production line models based on various data the
case factory provided. It divided them into the overall production line model, the first man-
ufacturing area model, the second manufacturing area model, and the third manufacturing
area model to analyze various aspects of production under different scenarios and improve
production line staffing and bottleneck station issues using simulation analysis data.

The overall production line simulation model is shown in Figure 3. The general
production line simulation model includes manufacturing areas one, two, and three. The
complete production line simulation model was simulated by establishing the mutual
flow relationship between workstations. The production line operation data were used
to explore the productivity of the overall production line and the occurrence points of
bottleneck stations using this model.
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Wire Winding
Drying
Manufacturing
l Area 1
Line group
Drying
Iron Core Processing
I
Body assembly Manufacturing
Area 2
i Treatment before
Shell painting entering the barrel
I
]
I
Put into the barrel
¥
Manufacturing
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v

Quality Control Test

d
Shipping to
Customers

Figure 2. Production line flowchart.

To analyze the actual production line through system simulation, first, a current
situation model was built based on the actual production situation, and the recent situation
analysis results were checked with the relevant data of the case factory to ensure that
the parameters of the model were consistent with the actual production situation. After
the current situation model was built, different parameter settings were analyzed for the
production line problems presented in the model data. The production line problems
included different proportions of production raw materials, the number of production
personnel in various shifts, and different workforce support scenarios. By setting the
impact of other parameters on the overall production line, manufacturing productivity
was explored.

To find the number of production personnel required for maximum production under
the same production conditions, this study also split the entire production line into three
parts, namely, manufacturing area one, manufacturing area two, and manufacturing area
three, and all of them were provided sufficient work-in-progress support production lines
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to determine the number of production personnel that can handle the maximum production
volume of the production line.

@m E'L .|

IIB

Bucket processing~
Manufactuting Zone 2

Figure 3. Production line FlexSim model.

3.5.1. Manufacturing Area One

The simulation model of manufacturing area one included five vertical winding ma-
chines (Area A), six horizontal winding machines (Area A), three coil assembly machines
(Area B), and two hot air-drying furnaces (Area A Oven), and was used to explore the
impact of production line productivity based on different production raw material combina-
tions, different numbers of production personnel, and product-in-process return conditions
of the production line.

In the manufacturing zone one model, we first explored the impact of the combination
of production raw materials on production line productivity. Since the types of raw
materials used in the case factory are confidential, they are represented by N-type and
M-type materials in this study. The raw materials are produced in the current model. There
are mainly two types of materials, N-type and M-type, and the two types of materials must
be distinguished from the same number of vertical and horizontal materials. Therefore, it
can be summarized that the production raw materials in the manufacturing area are sheer
N materials. It consists of vertical category N, horizontal category N, vertical category M,
and horizontal category M. Since the baking time difference between N-type and M-type
materials is too large, to determine the impact of production raw materials on production
capacity, this study analyzed the difference in productivity between different production
raw material ratios. The ratios set in this study are shown in Table 2.

For different numbers of production personnel, the bottleneck workstation shown in
the analysis results was used to supplement the production personnel of the workstation
to the maximum capacity of production personnel to analyze the productivity difference
with the current production personnel. The reflow conditions of the work in progress
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were considered in the production process of the first manufacturing zone. The work in
progress must undergo two baking processes using the same hot air-drying oven. Therefore,
this study evaluated the impact of the entry conditions of the hot air-drying oven on the
productivity of the production line using two scenarios, first baking priority entry and
second baking priority entry, and analyzed the production results, respectively, to find out
the differences.

Table 2. Analyze scenarios of different raw material productions.

Vertical Horizontal Vertical Horizontal

Type N Type N Type M Type M
Scenario 1 10% 10% 40% 40%
Scenario 2 20% 20% 30% 30%
Scenario 3 30% 30% 20% 20%
Scenario 4 40% 40% 10% 10%

3.5.2. Manufacturing Area Two

The simulation model of the second manufacturing area included two core manufactur-
ing machines (Area C), five core body assembly machines (Area D), one gas-phase drying
furnace (Gas Oven), and one barrel preprocessing station (Area E) and was used to ex-
plore the impact of production line productivity based on different numbers of production
personnel and workforce support logic.

The difference between improved productivity and current productivity was analyzed.
In the human support logic part, this study focused on the human support part because
the existing factory can only accommodate a maximum of 13 in-process products in the
central station (Area D) and increasing the number of production personnel can speed up
the output of currently produced products. We analyzed the productivity difference in
Group D’s second work-in-progress production line when different production personnel
are mobilized to support the first work-in-progress production line. The workforce support
quantity scenario is shown in Table 3.

Table 3. Workforce support situation in the second manufacturing area.

The Number of People Number of People Working on Number of Personnel
Working on the 1st WIP the Second Work-in-Progress Supporting Production Line 1
Production Line Production Line in Production Line 2
Current situation Five people Five people No people
Scenario 1 Six people Four people One person
Scenario 2 Nine people One person Four people

3.5.3. Manufacturing Are Three

The simulation model of the three manufacturing areas included two shell assembly
machines (Area F) and four QC machines (QC area) and was designed for different numbers
of production personnel and workforce support logic. We explored the impact of production
line productivity.

In the three-area manufacturing model, since the current factory can only accommo-
date a maximum of 15 in-process products in the shell assembly station (Area F) and the
quality inspection area (QC area), this study explored the relationship between the current
F area and the QC area, namely, the impact on manufacturing productivity if the maximum
capacity is increased to 20 and 25.

3.5.4. Machine Production Working Hours Setting and Manufacturing Time Logic

In the production line model, this study input each workstation’s machine production
working hours based on the standard working hours data provided in Section 3.2. These
common person-hour data reflected the time required for each workstation to complete
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product manufacturing under actual conditions, and the data were modeled in a usual
distribution manner. Through this method, the possible uncertainty in the production hours
of each workstation could be considered in the simulation, and at the same time, changes in
the actual production environment could be simulated more realistically, and the efficiency
and productivity of the production line could be more comprehensively evaluated.

3.5.5. Personnel Shift Allocation Logic and Workforce Support Logic

This study divided the whole day into morning, middle, and evening shifts in 8 h units
and set time parameters, respectively. When the growth change time comes, the production
line model automatically changes the personnel on duty during this period. Due to the
workforce support issues raised in this section in the second and third manufacturing areas,
different workforce support modes were set up according to the diverse needs of each
workstation under shift conditions. We set the starting time to 0 s, 28,800 s, and 57,600 s,
respectively, and cycled it daily to calculate the day’s shift.

3.6. Model Building Restrictions
3.6.1. Manufacturing Area One
Raw Material Area

The first manufacturing area, the raw material category, was first set, and the output
ratio of two types of materials (N-type, M type) was set in Source. Each type of material
distinguishes between vertical and horizontal raw materials and vertical and horizontal raw
materials. The ratio is such that when the N-type or M-type outputs one, the corresponding
vertical and horizontal types generate three processable raw materials, respectively, and
the built-in item list in FlexSim software is used to control the output sequence.

Group A Winding Area

Group A’s winding area receives raw production materials for processing provided by
the raw material area. The upper limit of winding machines in this area is 11, and only one
production staff member can process each device. The processing priority is based on the
raw material area. The set item list flows in, and the raw materials generated in the same
batch are processed first. After processing, they are sent to the hot air-drying oven for the
first baking. Each material is divided into several 1 h materials to be processed by personnel
based on the processing time of the material to calculate the workforce allocation quantity.

Group B Line Group Area

The current situation of the Group B line group area uses three machines. Each
machine can only be processed by four people per shift. The output of each B area is a
combination of three vertical materials and three horizontal materials. The same small
brown material boxes as Group A are used to calculate the personnel configuration.

1.  Hot air-drying oven

There are two hot air-drying furnaces in the manufacturing area. The materials to be
dried include the winding output of Group A and the output of Group B wire groups. They
need to be dried once each. The drying time is set according to the different materials. The
drying time for N-type materials produced by group winding is 72 h, and 16 h for M-type
materials. The drying time for the complete coil made by the Group B wire group is 40 h.
The drying priority is controlled for the entire ring. The drying process is prioritized.

3.6.2. Manufacturing Area Two
Group C Core Area

Manufacturing area two is mainly composed of two core processing stations. After
drying in manufacturing area one, the complete coils are processed primarily by Group D
together, and the same small brown material boxes as in Group A are used to calculate the
personnel allocation.
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Group D Cardiosaomatic Area

The complete coils produced in the manufacturing area are combined with the output
of the Group C core area for processing in this area. There are five assembly machines in this
area. This area limits WIP to stack up to eight. Counting the processed products, the room
can accommodate 13 products, and the same small brown material boxes as Group A are
used to calculate the staffing. At the same time, FlexSim’s built-in ProcessFlow process is
used to write human support logic and a schematic diagram of the human support process.
When the product WIP reaches the upper limit, human support is triggered, allowing for
the production personnel on duty at each station to allocate a certain number of people to
the first production machine to assist in processing. This increases output speed.

Gas-Phase Drying Oven

There is a gas-phase drying furnace in the second manufacturing area. The drying
time for each product is 120 h. After drying, the products are sent to the processing area.

Group E Processing Area

The processing area of Group E in the second manufacturing area is mainly a process-
ing machine. The primary purpose is to process the products before entering the barrel.
After the processing in this area is completed, the products are output to the barrel for
processing, and the same small machine as in Group A is used. The number of staff needed
for brown material bins are calculated.

3.6.3. Manufacturing Area Three (Including Quality Inspection Area)
F Assembly Area

The third manufacturing area is mainly the shell assembly area, which consists of two
shell assembly machines. There is no upper limit on this station’s number of machine users.
The more people are deployed, the faster the product output. Therefore, the same small
space as Group A is used. The most suitable staffing configuration for brown material
boxes is calculated.

Group G Painting Area

The third manufacturing area is a raw material processing production line, where the
shells from the raw materials are painted directly. The processed products are placed into
barrels together with the effects of the processing area of the second manufacturing area.

Quality Inspection Area

The quality inspection process occurs after the production in the third manufacturing
area. Since the products of the case factory must undergo two quality inspection tests, the
logic is established using the item list in FlexSim. Each product of the case factory is first
subjected to internal factory testing, and each test time is seven days. After the first test
is completed, an appointment is made with the customer. The waiting time for customer
arrival is seven days. When the customer comes to the factory, the second test is conducted
with the customer. The second test takes seven days. Therefore, the total quality inspection
time for each product is 21 days. Since the products produced by the case factory are
large, and the quality inspection process is tested in situ after assembly is completed, the
assembly area and quality inspection process of Group F have space restrictions for the
case factory. The limit is that the two methods can only accommodate 15 products on the
production line.

4. Discussion

This study obtained production line data through close contact with the case factory,
compiled and used the production line data proposed in Section 3 to build a current
situation model using FlexSim simulation software, and set the model to a warm-up period
of up to between 6 and 12 months of manufacturing time. After the analysis, the annual
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output was compared with the average machine utilization rate. According to the data
provided onsite, the average utilization rate of the hot air-drying furnace is 71.9%, while
the average utilization rate of the gas-phase drying furnace is 71.9%. The operating rate is
65.5%. After simulation analysis, the annual output is 47 products. The operating rates of
the two hot air-drying furnaces (Oven 1 and Oven 2) are 61.42% and 62.85%, respectively.
The gas-phase drying furnace (Gas Oven) momentum rate is the operating rate of 64.52%.
The difference between the actual production machine utilization rate and the case factory’s
natural production machine utilization rate is about 10%. After discussion at the meeting,
the difference may be due to the inability to provide the complete model classification
of the onsite products accurately. This makes the combination and configuration of the
production raw materials in the drying process different from the actual situation onsite.
After an onsite discussion, it was decided that the N-type and M-type materials mentioned
are similar. They can be dried simultaneously and enter the baking process according to the
three vertical and three horizontal pellets ratio. This study used the limited data provided
by the case factory to build a similar model. After verification, all logic, processes, and
data in the model were proven correct, so this production line model could be used for
subsequent simulation analysis.

4.1. Proportion Analysis of Production Raw Materials

The composition ratios mentioned in the table are based on vertical category N, vertical
category M, horizontal category N, and horizontal category M. For example, scenario one
consists of 10% vertical type N, 10% vertical type M, 40% horizontal type N, and 40%
horizontal type M. And through the analysis results, we can observe the difference between
the annual output and the utilization rate of the two hot air-drying furnaces. The analysis
results are shown in Table 4. It can be seen from the analysis results that the average annual
output falls between 49 and 50 units, and the machine utilization rate is between 61%
and 64%. The main factor causing the difference in the raw materials production is the
N-type materials. Unlike the baking time of M-type materials entering the hot air-drying
oven (Oven), N-type materials mainly require 72 h of baking time. In comparison, M-type
materials only need 16 h of baking time. Therefore, when the proportion of raw materials
differs, the data output shows some errors.

Table 4. Analysis results of raw material proportions in manufacturing area one.

Project Data

Scenario 1 Output 50 (Taiwan)
Composition ratio: First drying furnace utilization rate 61.95%
10%/10%/40%/40% Second drying furnace utilization rate 61.49%

Scenario 2 Output 49 (Taiwan)
Composition ratio: First drying furnace utilization rate 63.73%
20%/20%/30%/30% Second drying furnace utilization rate 60.55%

Scenario 3 Output 49 (Taiwan)
Composition ratio: First drying furnace utilization rate 61.37%
30%/30%/20%/20% Second drying furnace utilization rate 62.35%

Scenario 4 Output 49 (Taiwan)
Composition ratio: First drying furnace utilization rate 63.47%
40%/40%/10%/10% Second drying furnace utilization rate 60.24%

4.2. Reflow Problem

According to the reflow problem, the main reason is that the product must enter the
hot air-drying oven twice for baking, and the second baking time is fixed at 40 h, which
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is different from the 16 h mentioned. There is a big difference between 40 h and 72 h, so
simulation software was needed to analyze the order of entering the baking oven. The
analysis results are shown in Table 5. The analysis results show that the entry conditions of
the first baking materials that need to be baked for 40 h and the second baking materials
that are baked for 72 h and 16 h, respectively, do not affect the total production volume per
unit time. A possible reason is that the product’s unit production time needs to be shorter,
resulting in small changes that do not show noticeable analytical differences.

Table 5. Analysis results of reflow problems in the first manufacturing area.

Project Data
Second baking priority Secondary baking output 49 (Taiwan)
(40 h priority) One baking output 153 (Taiwan)
First baking priority Secondary baking output 49 (Taiwan)
(72 and 16 h priority) One baking output 153 (Taiwan)

4.3. Analysis of the Number of Personnel in Different Shifts

The current workforce at the first winding station (Group A) in manufacturing area
one consists of eleven individuals during the morning shift, six during the midday shift,
and seven during the evening shift. Each individual is limited to creating only a single piece
within the current coil assembly. The number of staff in the winding group was modified
to a total of 11 individuals over all three shifts, and they were assigned to Scenario 1. The
production was increased from the initial configuration of 47 units to 79 teams, resulting in
a rise in the machine utilization rate from 62% to 80%.

The model analysis revealed that the buildup of work in progress (WIP) occurred
specifically during the assembling of materials in the coil assembly (Group B). In Scenario
1, the coil assembly workforce was modified for all three shifts, resulting in an increase in
output from 79 to 84 units. Additionally, the machine utilization rate improved from 80%
to 81%. The level of work in progress (WIP) in Group B is still significant, and the rate at
which the hot air-drying furnace is being used stays at approximately 80%.

This study examines the feasibility of increasing the number of machines in Group B
from one to two, as well as the necessary deployment of production workers. It reveals
that the hourly production of the four machines in Group B line increased from 84 units in
Scenario 2 to 111 units in Scenario 3. Additionally, the machine utilization rate rose from
81% to 88% in Scenario 4. The results of the shift analysis in manufacturing area one are
shown in Table 6.

Table 6. Analysis results of manufacturing zones one shift.

Project Data
Original configuration: Group Output 47 (Taiwan)
A (11 people in the morning/6 people in the middle/7 people in the First drying furnace 61.42%
evening)—11 machines group utilization rate ’

B (12 people in the morning/0 people in the middle/8 people in the

Second drying furnace

evening)—3 machines utilization rate 62.85%
Scenario 1 Output 79 (Taiwan)
Group A (11 people in the morning/11 people in the middle/11 people in the First drying furnace 79.959,
evening)—11 machines group utilization rate e
B (12 people in the morning/ 0 people in the middle /8 people in the Second drying furnace ]
evening)—3 machines utilization rate 80.98%
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Table 6. Cont.
Project Data
Output 84 (Taiwan)
Group A winding (11 peopl 1SC/eln1ari(')d2d1 /late 11 people)—11 machi First drying furnace 82.94%
roup A winding (11 people early Gro;r; e/late 11 people)—11 machines utilization rate 94%
B winding (12 people early/12 middle/12 people late)—3 machines Second drying furnace 80.17%
utilization rate '
Output 111 (Taiwan)
Scenario 3 First drying furnace 87,89
Group A winding (11 people early /11 middle/11 late)—11 machines Group utilization rate T
B winding (16 early /16 middle/16 late)—4 machines Second drying furnace 58387
utilization rate e
Scenario 4 Output 142 (Taiwan)
Group A winding (11 people in the morning/11 people in the middle/ First drying furnace 94,849
11 people in the evening)—11 machines group utilization rate o
B winding (20 people in the morn.ing /20 peopl? in the middle/20 people in the Second drying furnace ]
evening)—b5 machines 94.42%

utilization rate

4.4. The Impact of Manufacturing Area Improvement on Overall Factory Performance

Through the analysis above, this study combines the most apparent parts of the
improvement of the production line with the complete production line for research. It
compares the analysis results with the original results. It can be found from the analysis
results that when the processing volume of Group B coil assembly increases, the overall
output increases from the actual 48 units to 52 units, and the factor that increases the
machine utilization rate is the general working hours of the product, which makes the
processing time long. The above analysis can improve the overall production line efficiency.
The original results and analysis results are shown in Table 7.

Table 7. Overall model improvement difference.

Project Data
Output 48 (Taiwan)
Original model First drying furnace utilization rate 75.11%
analysis results Second drying furnace utilization rate 72.85%
Gas-phase drying furnace utilization rate 64.80%
Output 52 (Taiwan)
Improved model First drying furnace utilization rate 95.97%
analysis results Second drying furnace utilization rate 95.61%
Gas-phase drying furnace utilization rate 100%

After discussing model improvement difference between original and improved
model, we compared utilization rate from both original and improved model to industry
standard. According to Gupta and Garg (2012) [32], the manufacturing plants are con-
sidered a world class company if the utilization rate of their machines achieves 85% or
higher. As shown in Table 7, we can see that the utilization rates of original model are
below industry best practice. It varies from 64.80% to 75.11%. Meanwhile, if we compare
the utilization rates of improved model with industry benchmarks, all the results are fit
into word class company category, i.e., 95% and above. According to these results, it can be
inferred that the improved model has a significant impact on increasing utilization rates of
the overall production lines.
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4.5. Staffing Issues in the Second Manufacturing Area
4.5.1. Human Support Situation Analysis

The FlexSim model was employed to scrutinize the human assistance logic within a
manufacturing process. The core body assembly area was partitioned into five machines,
with staff equitably allocated to each machine. When the work-in-progress (WIP) in the
body assembly area reaches a count of 13, individuals from the second machine are mobi-
lized to the original first machine for production, following Scenarios 1 and 2. An ANOVA
was conducted to model the manufacturing line’s output and machine utilization. A one-
way ANOVA verified statistically significant differences in means across groups, whereas
the Tukey test was employed to verify substantial differences between groups. This study
examined the utilization rates of the first hot air-drying furnace, the second hot air-drying
furnace, and the gas-phase drying furnace. Table 8 displays the consolidated findings. The
ANOVA indicated that there is no statistically significant difference in production across
the four scenarios. Furthermore, the results of the Tukey test demonstrated that Scenario 1
to 4 belong to the same group. The Tukey test results suggested that there is no statistically
significant difference in the production of the four scenarios.

Table 8. One-way ANOVA of manufacturing area two.

Project Data
p-value 0.112
Output analysis
Tukey test Group A
Analysis of p-value 0
the first drying oven Tukey test Group A, B
Second drying p-value 0
oven analysis Tukey test Group A, B, C
Gas-phase drying p-value 0.137
oven analysis Tukey test Group A

The one-way ANOVA of the first drying furnace indicated a statistically significant
disparity in the operation rate among the four scenarios. The Tukey test grouped Scenarios
3 and 4 together, while Scenarios 1 and 2 were placed in a separate group. In Scenario
3, there was no significant difference in the operation rate of the second drying oven.
The first group exhibited no statistically significant difference, but the second group also
showed no statistically significant difference. All four scenarios of the gas-phase drying
furnace operated at the same pace, and the results of the Tukey test showed that all systems
belonged to the same group.

4.5.2. Analysis of the Number of Production Personnel in Different Shifts and Its Impact on
Overall Factory Performance

The production method in the second region involves a gas-phase drying furnace
process with an average processing duration of five days. If the production volume of the
core body setup station is excessively large, work-in-progress (WIP) piles in the waiting
area of the gas-phase drying furnace, necessitating an appropriate number of personnel to
maintain operational efficiency. This study examined the disparity in production between
the initial scenario and three alternative scenarios.

The staffing arrangement for the current situation consists of Group A’s line production
staff, Group D’s heart and body manufacturing crew, and Group A’s coil assembly staff. In
the first scenario, the staffing arrangement consists of Group A, but in the second scenario,
the individuals are allocated to Group B and Group D, respectively. In the third scenario,
the personnel are allocated to both Group A and Group B; however, in the fourth scenario,
they are sent to Group D.
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Table 9 proves information of the allocation of the original situation in the second man-
ufacturing area. The staffing analysis indicates that by evenly distributing 24 individuals to
the morning shift and 9 individuals to the evening shift among the five production lines of
the D group, a total output of 48 goods may be reached. The initial production line yields
21 work-in-progress (WIP) units, with a utilization rate of 48.37%. The second production
line yields a total of 15 work-in-progress (WIP) units, operating at a utilization rate of
32.39%. The third production line yields two work-in-progress (WIP) units, operating at a
utilization rate of 3.4%. The gas-phase drying furnace has a utilization rate of 63.75%.

Table 9. Allocation of the original situation in the second manufacturing area.

Analvsis Proiect Output Machine
¥y ) Quantity (Units) Utilization Rate
Total output 48 -
Output of group D 21 48.37%
. o production line
Original situation Group -
A winding personnel C?roup D production 15 32.39%
11 people in the morning/ line’s second output
6 people in the middle/ ;
SEVEI;I pI:ople in the evening Gli?up D production 10 20.17%
4 ine three output
line team B .
12 people in the morning/ Grgup D production 2 3.4%
0 people in the middle/ line four output
8 people in the evening Group D production 1 2139
Group D line crew line five output R
24 people in the morning/ : ; :
0 people in the middle/ ¢ First ho’i.ilr-?rylngt - 61.42%
9 people in the evening urnace utilization rate
Second hqt’alr-'drymg ) 62.85%
furnace utilization rate
Gas-phase drying ) 63.75%

furnace utilization rate

The staffing study findings for Scenario 1 shown in Table 10 indicate that by evenly
allocating 24 individuals across the morning and evening shifts to the five production
lines of the D group, the overall output increases by 4 units to a total of 52 Taiwan items,
compared to the initial production. The primary cause of this growth is mostly attributed to
the surge in manufacturing activities. During the analysis period, Group D’s five production
lines yielded varying quantities. The first line, for instance, generated 22 units of work-in-
progress (WIP) with a utilization rate of 51.72%. The second line yielded a total of 24 units
with a utilization rate of 50.57%, whilst the third line produced 21 units with a utilization
rate of 45.18%. The utilization rates of the two hot air-drying furnaces in the manufacturing
area were 82.66% and 80.44%, respectively. The gas-phase drying furnace had a utilization
rate of 100%. The examination of Scenario 1 demonstrates enhancements in multiple
analytical metrics as compared to the initial configuration, mostly attributed to augmented
production in manufacturing area one and heightened acceptance of work-in-progress
manufacturing in manufacturing area two.

Since the production workers of Group D in Scenario 1 are concentrated in the morning
shift, 24 production workers in the morning shift were evenly divided into the morning
shift and the middle shift during the analysis and then analyzed and studied. According
to the staffing analysis results of Scenario 2, as shown in Table 11, it can be seen that if
12 people on the morning shift, 12 people on the middle shift, and 9 people on the evening
shift are evenly distributed to the five production lines of the D group. The total output is
52 units, an increase of 4 units compared to the original production, mainly due to the rise
in the production of manufacturing area one, which is the same as the output of Scenario 1.
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The five production lines of Group D each produced different quantities during the analysis
time. The first production line of Group D produced 27 units of WIP, with a utilization
rate of 79.01%; the second production line of Group D produced 23 units of WIP, with a
utilization rate of 72.57%; the third production line of Group D produced 17 WIPs, and the
utilization rate is 66.15%; the fourth production line of Group D produced 10 WIPs, and the
utilization rate is 39.12%; the fifth production line of Group D produced 7 WIPs, and the
utilization rate is 39.12% and 31.20%, while the utilization rates of the two hot air-drying
furnaces in the corresponding manufacturing area are 82.66% and 80.44%, respectively. The
utilization rate of the gas-phase drying furnace is 100%, which is the same as Scenario 1.
Comparing the analyzed data with Scenario 1, most of the analyzed data in Scenario 2 are
similar to Scenario 1. However, because the mid-shift production staff of Group D has been
increased from 0 to 12, there is no production disconnection problem. Most of the products
produced are produced in production lines one and two.

Table 10. Staffing of Scenario 1 of manufacturing area two.

. . Output Machine
Analysis Project Quantity (Units)  Utilization Rate
Total output 52 -
_ Output of group D 2 51.72%
Scenario 1 production line
Group A winding personnel Group D production
11 people in the morning/ line’ Spsec (I))n d output 24 50.57%
11 people in the middle/ -
11 people in the evening, Group D production 21 45.18%
team line three output '
B line team Group D production
12 people in the morning/ hnf fou}; output 12 31.71%
12 people in the middle/ -
12 people in the evening Gr9up D production 5 16.81%
Group D line crew line five output
24 people in the morning/ First hot air-drying ) 82 66%
0 people in the middle/ furnace utilization rate R
9 people in the evening Second hot air-drying o
e - 80.44%
furnace utilization rate
Gas-phase drying . 100%

furnace utilization rate

Since the total number of production workers in the previous scenario was too large to
match the production speed of the manufacturing area, the third scenario set in this study
is to reduce the total number of 24 morning shift production workers in Group D to 15 and
split them between five production machines on average. According to the staffing analysis
results of Scenario 3, as shown in Table 12, the total output is the same as 52 products, and
the five production lines of Group D produce different quantities within the analysis time.
The production line of Group D produces 20 units of WIP; the utilization rate is 61.37%;
Group D production line two produces 20 units of WIP; the utilization rate is 56.13%;
Group D production line three has 16 units of WIP; the utilization rate is 55.24%; Group D
production line four has 16 units of WIP produced, and the utilization rate is 51.61%; Group
D production line five produces 13 units of WIP, and the utilization rate is 43.44%. The
utilization rates of the two hot air-drying furnaces in the corresponding manufacturing area
are 82.66% and 80.44%, respectively. The utilization rate of the gas-phase drying furnace is
100%, the same as Scenario 1. Comparing the analyzed data with the previous scenarios,
the total output is the same in Scenarios 1, 2, and 3. The reason is that the processing time
of a single product is too long, and the number of machines produced in scenario three is
more significant than that of the other scenarios.
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Table 11. Personnel allocation in Scenario 2 of manufacturing area two.
. . Output Machine
Analysis Project Quantity (Units) Utilization Rate
Total output 52 -
Output of group D o
Scenario 2 production line 27 79.01%
Group A winding personnel Group D production
11 people in the morning/ line’spsecgnd output 23 72.57%
11 people in the middle/ -
11 people in the evening, Group D production 17 66.15%
team line three output '
B line team Group D production
12 people in the morning/ line four output 10 39.12%
12 people in the middle/ :
12 people in the evening Grqup D production 7 31.20%
Group D line crew line five output
12 people in the morning/ First hot air-drying ) 82.66%
12 people in the middle/ furnace utilization rate e
9 people in the evening Second hot air-drying o
e - 80.44%
furnace utilization rate
Gas-phase drying : 100%
furnace utilization rate
Table 12. Personnel allocation in scenario three of manufacturing area two.
. . Output Machine
Analysis Project Quantity (Units) Utilization Rate
Total output 52 -
, Output of group D 20 61.37%
Scenario 3 production line
Group A winding personnel Group D production
11 people in the line’s second output 20 56.13%
morning/11 people in the -
middle/11 people in the Group D production 16 55.24%
evening, Group line three output '
B line personnel Group D production
12 people in the morning/ line four output 16 51.61%
12 people in the middle/ -
12 people in the evening Gr(?up D production 13 43.44%
Group D line personnel line five output
15 people in the morning/ First hot air-drying ) 82,669
0 people in the middle/ furnace utilization rate e
10 people in the evening Second hot air-drying
R 80.44%
furnace utilization rate
Gas-phase drying ) 100%

furnace utilization rate

4.6. Product Accommodation Issues in Three Manufacturing Zones

The Impact of Work-in-Process Capacity on Manufacturing Productivity

Since this manufacturing area is connected to the quality inspection process, the
product’s characteristics are that it is large and needs to be inspected using the quality
inspection process for a certain period. Since the case factory has some unique quality
inspection process considerations for customers, the three manufacturing areas can only
accommodate up to 15 products simultaneously between the shell assembly area and the

quality inspection process.
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This study built three scenarios based on the current situation model based on the
number of production personnel: Scenario 1—the number of winding personnel in Group
Ais 11, 6, and 7 in the morning, middle, and evening shifts. Scenario 2—winding personnel
in Group A. The number of personnel in the morning, middle, and evening shifts is 11, 11,
and 11. Scenario 3—under the conditions of Scenario 2, the line team personnel of Group B
are adjusted to five production units. The production personnel of Group B are all 12 on
the morning, middle, and evening shifts. People explore the impact of different maximum
product capacities on productivity under situational conditions. Due to the large volume
of the products in the case factory, the existing factory can only accommodate 15 products.
Therefore, this study considers that if the factory is expanded, it can only accommodate
up to 25 products. Thus, according to the above scenario analysis, when the maximum
number of products is 15, the production volume is 20 and 25 pieces, respectively.

Scenario 1 can be analyzed from Table 13. From the results, the maximum number
of products is 15, 20, and 25. The personnel are allocated in Scenario 1. According to the
analyzed output, hot air-drying furnace, and gas-phase drying furnace data, they are all the
same, which means that the maximum capacity of the product does not affect production
in this personnel situation.

Table 13. Scenario 1 Product Accommodation Quantity Analysis.

Maximum Capacity Analysis Project Analyze Results
Output 47 (Taiwan)
First drying furnace o
utilization rate 61.42%
15 Second drying furnace 62.85%
utilization rate oo
Gas-phase drying furnace o
utilization rate 64.52%
Situation 1 Output 47 (Taiwan)
Gro;gri)rvngl e First drying furnace 61.42%
11 early/6 middle/ utilization rate
7 late 20 Second drying furnace 62.85%
utilization rate o
Gas-phase drying furnace o
utilization rate 64.52%
Output 47 (Taiwan)
First drying furnace o
utilization rate 61.42%
25 Second drying furnace o
R 62.85%
utilization rate
Gas-phase drying furnace 64.52%

utilization rate

Scenario 2 can be analyzed from Table 14. From the results, the maximum number of
products is 15, 20, and 25. The personnel are allocated in Scenario 2; the analyzed output, hot
air-drying furnace, and gas-phase drying furnace data are all the same, which means that the
maximum capacity of the product does not affect production in this personnel situation.
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Table 14. Scenario 2 product accommodation quantity analysis.
Maximum capacity Analysis Project Analyze results
Output 48 (Taiwan)
First 'd.rylrllg furnace 7511%
utilization rate
15 Second drying furnace o
e 2 72.85%
utilization rate
Gas-pha.ls.e dljymg furnace 64.80%
utilization rate
Scenario 2 Output 48 (Taiwan)
Group A winding First drying furnace 75.11%
personnel: 11 early/ utilization rate R
11 middle/late 11 20 Second drying furnace
e 2 72.85%
utilization rate
Gas—phgs.e dr.ymg furnace 64.80%
utilization rate
Output 48 (Taiwan)
First .d.rylr}g furnace 75.11%
utilization rate
25 Second drying furnace o
. 2. 72.85%
utilization rate
Gas-phase drying furnace 64.80%

utilization rate

The results of Scenario 3 can be analyzed from Table 15. From the results, the maximum
number of products is 15, 20, and 25. The personnel are allocated in Scenario 3. According
to the analyzed output, hot air-drying furnace, and gas-phase drying furnace data, they
are all the same, which means that the maximum capacity of the product does not affect
production in this personnel situation.

To wrap up, the practical applications of these findings are as follows: In manufac-
turing area one, the morning, middle, and evening shifts are first assigned to the winding
production area. There are five groups of production personnel for both changes and night
shifts, which improves the overall production efficiency of the manufacturing area. In
manufacturing area two, apply the third scenario in which Group A winding personnel
comprises 11 people in the morning/11 people in the middle/11 people in the evening;
Group B line personnel: 12 people in the morning /12 people in the middle/12 people in the
evening. Group D line personnel: 15 people in the morning/0 people in the middle/10 peo-
ple in the evening. Furthermore, in manufacturing area three, by reallocating the number
of people in the core body assembly—Group A winding personnel including 11 morning/
11 middle/11 evening and Group B line crew including 12 people morning/ 12 middle/12
evening—it was possible to cope with the production volume of a manufacturing area and
enable the gas-phase drying furnace to continue processing.
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Table 15. Analysis of product accommodation quantity in Scenario 3.
Maximum Capacity Analysis Project Analyze Results
Output 52 (Taiwan)
First 'd.rylrllg furnace 95.79%
utilization rate
15 Second drying furnace
R 94.96%
utilization rate
Scenario 3 Gas-phase drying furnace 100%
Group A winding utilization rate ¢
personnel: Output 52 (Taiwan)
11 early/ 11 ; .
middle/late 11 First drying furnace 95.72%
G Bli utilization rate
roup B line crew
includes 20 Second drying furnace 94.96%
12 people early/ utilization rate TR
12 middle/late 12 Gas-phase drying furnace o
A 100%
utilization rate
Output 52 (Taiwan)
First .d.rylr}g furnace 95.72%
utilization rate
25 Second drying furnace o
e 2. 94.96%
utilization rate
Gas-phase drying furnace 100%

utilization rate

5. Conclusions

This study took the transformer production line as an example and used the sys-
tem simulation method to explore productivity issues the case factory faces during the
production process. This study conducted an in-depth analysis of manufacturing area
one, manufacturing area two, and manufacturing area three, respectively, and found that
the case factory needed some improvement in workforce allocation. Using the simula-
tion method, multi-scenario evaluation and adjustment were carried out to ensure that
resources are fully utilized in the improved production line, production efficiency, and
overall productivity. In manufacturing area one, the morning, middle, and evening shifts
are first assigned to the winding production area. Since the coil assembly working hours
are relatively long, this study arranged the coil assembly by placing the morning, middle,
and evening shifts. There are five groups of production personnel for both changes and
night shifts, which improves the overall production efficiency of the manufacturing area.

In the second manufacturing area, the processing time of the gas-phase drying furnace
process was too long, and the previous process’s production speed affected the subsequent
process’s production speed. Therefore, regarding the gas-phase drying furnace process, it
was necessary to consider whether the coil assembly in the first manufacturing area could
provide sufficient production volume and whether the core body assembly in the second
manufacturing area could provide adequate supply. This would help solve the problem
of insufficient production speed in the second manufacturing area and improve overall
productivity. In this study, by reallocating the number of people in the core body assembly,
it was possible to cope with the production volume of a manufacturing area and enable the
gas-phase drying furnace to continue processing.

As for the third manufacturing area, when the capacity of the product area increases,
it should be able to improve the overall output. However, due to the long processing time
of the products, they are on the production line for a long time, and only a few of them
enter the quality inspection process simultaneously. Therefore, for the third manufacturing
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area, it is necessary to improve the processing time of preprocessing products to ensure
that the appropriate quantity of products can be continuously supplied, thereby reducing
production line delays and improving production efficiency. Using the system simulation
method, an in-depth analysis and discussion were conducted on manufacturing areas
one, two, and three. These improvement plans can help the manufacturing company use
resources to improve production efficiency and productivity.

6. Future Research

The direction of future research in this field may be defined by investigating of diverse
avenues aimed at advancing the efficiency and efficacy of production lines. The incorpora-
tion of lean and Six Sigma methodologies has the potential to enhance the robustness of the
model by introducing parameters that underscore quality control, streamlined workflows,
and resource optimization. Furthermore, an innovative direction for future inquiry lies in
the application of artificial intelligence (AI) to optimize production lines. The integration of
Al including sophisticated machine learning algorithms, holds the promise of revolution-
izing the manufacturing landscape by enabling adaptive and intelligent decision-making
processes. The exploration of Al-driven optimization strategies could yield comprehensive
insights into production line dynamics, identifying patterns, predicting bottlenecks, and
offering real-time adaptive solutions. This avenue of research not only aligns with the
ongoing digital transformation within manufacturing but also has the potential to propel
the field into new frontiers of efficiency and responsiveness.

This study mainly used FlexSim simulation software to analyze and improve the
production line productivity of the transformer factory. However, due to the need for more
detailed data from the case factory, this study could only build a similar model based on
the accurate data obtained. In addition to the production line model, if more detailed
production line data are made available, more research directions can be studied, and
the accuracy can be improved. Since the working hours of a single product produced
by the factory in this study are too long, no differences were analyzed in many scenario
analyses. Therefore, it can only be analyzed through machine utilization rate, which cannot
be based entirely on output. Suppose a factory in the future or similar factories produce
products with shorter working hours. In that case, the difference in product output after
improvement can be analyzed using the model.
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