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ABSTRACT —The advancement of electronic technology has significantly impacted human lifestyles, including the
development of transformers. Although transformer winding machines have existed previously, the process remains manual
and prone to errors. To address this issue, this study focuses on developing an automated copper wire winding system for
transformers. The research employs a research and development method, resulting in the design and construction of an
automatic transformer winding system. The device utilizes an Arduino microcontroller as its processor and a proximity
sensor to detect the number of wire turns. During testing, voltage and current measurements were conducted on transformers
produced by the automatic winding machine. The results indicate that the voltage error ranges from approximately 0.16%
to 0.9%, while the current error is around 1.5%. By using this automated transformer winding machine, the transformer
production process becomes more efficient, accurate, and time-saving. Thus, this tool has the potential to serve as an
effective solution for the production of power and distribution transformers for electrical networks.
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INTISARI — Perkembangan teknologi elektronik telah membawa dampak besar pada gaya hidup manusia, termasuk dalam
pembuatan transformator. Meskipun telah ada alat penggulung transformator sebelumnya, prosesnya masih manual dan
rentan kesalahan. Untuk mengatasi masalah ini, penelitian ini fokus pada pengembangan sistem otomatis alat penggulung
kawat tembaga untuk transformator. Penelitian ini menggunakan metode research and development dengan menghasilkan
rancang bangun winding otomatis pada transformator. Alat ini menggunakan mikrokontroler Arduino sebagai pemrosesnya
dan sensor proximity untuk mendeteksi jumlah gulungan kawat. Dalam pengujian alat, dilakukan pengukuran tegangan dan
arus pada transformator yang dihasilkan oleh alat penggulung otomatis. Hasilnya menunjukkan bahwa kesalahan tegangan
adalah sekitar 0,16% hingga 0,9%, dan kesalahan arus adalah sekitar 1,5%. Dengan menggunakan alat penggulung
transformator otomatis ini, proses pembuatan transformator menjadi lebih efisien, akurat, dan menghemat waktu. Sehingga,
alat ini berpotensi menjadi solusi yang efektif dalam produksi transformator daya dan distribusi untuk jaringan listrik.

KATA KUNCI —Electronic Technology, Transformer Winding, Automated System, Microcontroller, Sensor

I. INTRODUCTION

Technology has evolved gradually along with the advancement of culture and civilization [1]. The development of technology
and science has led to innovations in various areas of human life [2]. Today, technological progress is rapidly advancing across
almost all fields [3]. In the realm of electronics and communications, this advancement provides numerous benefits that are widely
felt by society [4]. Electrical engineering plays a crucial role in designing control systems, load regulation algorithms, and
communication infrastructure necessary to optimize the operation of smart grids [5].

Transformers are vital and costly assets in electrical grids [6]. Maintaining transformers, particularly power transformers, is an
ongoing process that must be carried out continuously [7]. Overvoltage or voltage surges are critical phenomena for transformers
[8]. Power transmission from solar panels to the grid is achieved using step-up transformers [9].

The objective of feature selection in transformer design problems is to reduce computational complexity and improve the
manufacturing process [10]. Voltage and current measurements are conducted on the primary winding of the transformer, the
voltage source, and capacitors [11]. The design of power and distribution transformers is a tedious and time-consuming task that
requires solving numerous equations while considering technical constraints [12].

One example of the application of this technology is in automatic copper wire winding machines, used to wind transformers,
dynamos, and electric motors. While there were already machines for winding transformers, the process was still manual, relying
on hand-powered rotation and an analog counter to count the desired number of turns. To overcome this limitation, an automated
system needs to be developed to simplify the process. This automated copper wire winding system aims to reduce the errors
commonly encountered in conventional or manual winding. Furthermore, using an automated system will save time in the
manufacturing process.
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The coil winding machine is a tool used to assist human workers in winding wire during transformer manufacturing. Wire
winding technology, in electrical engineering, refers to the process of creating electromagnetic coils. These coils are used as circuit
components to generate magnetic fields in electrical machines such as motors and generators, as well as in the manufacturing of
sound equipment like microphones. The shape and dimensions of the coil are designed to meet specific objectives.

Wire winding can be made more efficient by minimizing the material and volume required for the coil winding process. This
can be achieved by considering the conductor area ratio, a winding space known as the filling factor. Several types of coils have
been proposed for dynamic wireless power transfer [13]. For triangular coils, they exhibit adequate mechanical strength under
cyclotron core conditions with air [14]. The quality factor of high-temperature superconducting (HTS) coils is maximized when the
radial gap between turns is nearly equal to the width of the HTS wire, and it increases as the coil length extends in the longitudinal
direction [15]. Mathematical analysis of the electromagnetic processes in the proposed devices is used to describe work efficiency
[16].

To design an efficient transformer, it is necessary to consider environmental conditions, site-specific factors, weight, load
curves, energy transients, and cable connections [17]. A hybrid wind-solar transformer is used to step up the voltage generated by
solar and wind sources to match the grid voltage [18]. The transformers covered in this document meet the relevant requirements
specified in the IEC 60076 standards or IEEE C57 standards [19]. Repeated transients can cause high voltage spikes in wind turbine
step-up transformers, which can degrade the transformer’s paper-oil insulation system [20].

Microcontrollers are characterized by high performance and low cost [21]. Arduino-based microcontrollers offer an energy
efficiency of 95.88%, while the 8051 microcontroller has an energy efficiency of only 81.42% [22]. Wireless microcontroller-based
power meters have been widely developed [23]. A microcontroller is a small computer encapsulated in the form of an Integrated
Circuit (IC) chip, designed to perform specific tasks or operations [24]. Mikrokontroler biasanya juga mencakup
komponen”pendukung sistem minimal yang terdiri dari mikroprosesor, memori, dan antarmuka I/O, sedangkan mikroprosesor
biasanya hanya menyertakan CPU [25].

II. METHODOLOGY

The research design to be implemented will utilize the research and development (R&D) method. This method was chosen as it
aligns with the objective of the study, which is to produce a specific product. The product to be developed is an automated winding
prototype for transformers. The design and development of this automatic transformer winding tool will begin with a preparatory
phase, involving a literature review on the components and programming required. This will be followed by the design phase, which
integrates an electric motor as the main driver, a stepper motor for coil shifting, an LCD for display purposes, a proximity sensor
to detect the number of coils, and a microcontroller serving as the processing unit.
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Figure 1. Flowchart of Research

The design phase is divided into two key aspects: hardware design and software design. Before delving into the theoretical
concepts, it is essential to first understand the overall schematic of the circuit used in the automatic transformer winding machine.
This schematic serves as the foundation for both hardware and software integration. To provide a clearer understanding of the
system’s operation, the schematic diagram of the automatic transformer winding machine is presented below, which illustrates how
both design elements come together to ensure the machine's functionality.
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Figure 2. Wiring Diagram

In hardware design, the process begins with the development of a block diagram that outlines the system's structure and
interactions. Following this, the design of the device proceeds by selecting and integrating various components, such as sensors,
controllers, and actuators. These components are carefully chosen and assembled to ensure seamless operation and coordination.
Ultimately, this design allows the automatic transformer winding machine to function mechanically, enabling it to perform its tasks
efficiently and accurately. The entire process is crucial for ensuring that all hardware components work together in harmony to
support the machine's intended functions.
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Figure 3. Circuit Working Diagram

In the software design process, the program is embedded into the microcontroller to ensure the proper functionality of the
machine. This step is crucial as it allows the microcontroller to execute the necessary instructions that control the system's
operations. To better illustrate the design, a block diagram will be presented, which outlines the various components and their
interactions within the system. This diagram serves as a visual representation of how the software is structured and how different
modules communicate with each other to achieve the desired outcome. Through this explanation, the goal is to provide a clear
understanding of the software design and its role in the overall system functionality.

LCD 16X2 +
12C MODUL

Figure 4. Design of Automatic Transformer Winding Machine

The Figure 4 illustrates the circuit design of an automatic winding control system based on Arduino. The system utilizes a
keypad as an input interface for entering the desired number of coil turns, a sensor to detect the rotation of the wheel, and a 16x2
LCD module with an 12C interface to display information such as the number of turns and system status. The Arduino acts as the
central controller, processing inputs from both the keypad and the sensor, and controlling the motor operation via a relay module
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connected to a 220V AC load. The motor drives the rotating wheel to perform the winding process, while the sensor continuously
monitors the actual number of turns to ensure they match the inputted value. This integrated system enables precise, efficient, and
user-friendly control of the winding process, contributing to improved production quality and automation in transformer
manufacturing.

The system requires an AC voltage of 220 volts and several DC voltages of 12 volts and 5 volts. The power supply circuit starts
with a transformer that steps down the 220V AC to 12V AC. This 12V AC is then rectified using four diodes (D1, D2, D3, and D4,
each with the code 1N4001) configured in a bridge rectifier arrangement. After rectification, the voltage is filtered by an electrolytic
capacitor rated at 2200uF/25V, producing a smooth 12V DC output. The 12V DC output serves two purposes, it powers the relay
module, which controls the AC motor for the winding machine, and it activates the sliding mechanism for wire placement. To
obtain a stable 5V DC for low-voltage components, a 7805 voltage regulator IC is used to step down the 12V DC to 5V DC. The
5V supply powers the Arduino microcontroller (the main controller), the proximity sensor, the LCD (16x2 12C), and the relay
control circuitry. The relay coil also uses the 5V control voltage but switches 220V AC to drive the motor.

The research was carried out by four lecturers from the Electrical Engineering Study Program at Pamulang University, aiming
to explore advancements in the field of electronics. The study took place in the Electronics Laboratory of Pamulang University, a
facility equipped with various instruments and technologies that supported the research activities. Conducted over a six-month
period, from November 2023 to April 2024, the research involved systematic experiments, data collection, and analysis to ensure
comprehensive and reliable results. Throughout the project, the team collaborated closely, combining their expertise to address
challenges and refine their methodologies, contributing valuable insights to the development of electrical engineering studies.

In the research data analysis was conducted through several structured stages, starting with data collection using direct
observation and performance testing of the automatic winding prototype. Data were collected by recording the number of coil turns,
winding speed, and accuracy under various operational conditions. Each experimental condition was tested five times to ensure
consistency and reliability. To analyze the data, descriptive statistical techniques such as mean, standard deviation, and percentage
error calculations were applied, allowing the researchers to measure the system’s precision and efficiency. Furthermore, inferential
statistics, specifically ANOVA (Analysis of Variance), were employed to determine whether differences between experimental
conditions were statistically significant. Experiments were repeated at different times and under slightly varied conditions to verify
the reproducibility of results, ensuring that the automatic winding innovation consistently met production quality standards for
modern transformers.

lll. RESULTS

The design results for this research demonstrate notable advancements compared to existing automatic transformer winding
systems. This innovation focuses on enhancing the precision, consistency, and operational efficiency of coil production beyond the
capabilities of conventional automated machines, which often face limitations in adaptability and real-time process control. By
integrating a programmable controller (Arduino-based) with sensor feedback (proximity sensor and rotational tracking), the system
ensures dynamic adjustment and monitoring during the winding process, reducing production errors and improving coil uniformity.
Compared to other automated winding systems that typically rely on pre-set mechanical settings without feedback loops, the
proposed design offers superior flexibility and responsiveness. This advancement not only increases productivity but also aligns
with the evolving industrial demands for smarter, more cost-effective, and higher-quality transformer manufacturing solutions.

Figure 5. Automatic Winding

The next stage is the manual calibration of the tool using measuring instruments to check voltage, rotation speed, and other
parameters. This step aims to prepare benchmark points for data collection. The aspects analyzed during data collection include
testing the precision and functionality of the tool after its completion. These aspects involve analyzing the accuracy of the number
of windings in the automatic transformer winder by comparing the set rotations with the actual rotations, the thickness of the wire
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used, the rotation speed, the time required for winding, and the impact of the cross-sectional size of the transformer core on the
performance of the automatic transformer winder. The collected data is then analyzed using descriptive statistical analysis.

The results of this study directly validate the methodology used in the design of the automatic winding system for transformers.
Voltage testing at various values showed that the error in voltage measurement remained within an acceptable range, with an average
error of 2.7% at 5V and 4.9% at 12V. This indicates that the automatic winding system effectively maintained voltage stability in
accordance with the desired parameters. Furthermore, RPM measurements on the main motor and sliding motor also demonstrated
consistency in rotational speed, with the average RPM closely matching the desired value. These steps demonstrate that the manual
calibration method and the use of precise measuring instruments ensured the system functioned according to the specifications.

When compared with similar research in the field of transformer manufacturing, the results obtained show slightly higher errors,
particularly in the measurement of winding count. For instance, a study by Deng et al. (2021) on a PLC-based automatic winding
system reported winding errors of only 3-5%, which is lower than the 9.14% error observed in this study. Nevertheless, these results
are still acceptable within the context of automatic transformer production, which prioritizes efficiency and consistency over
absolute accuracy. Performance metrics such as winding duration and the number of turns also show better efficiency compared to
manual methods.

According to research by Ewert et al. (2021), while the manual winding system required an average of 58 minutes with a 4.8%
error rate for 500 turns using 0.2 mm wire, and the semi-automatic system completed the same task in 9.5 minutes with a 1.2%
error rate, the automatic winding system in this study was able to complete 836 turns (with a thinner wire, 0.15 mm) in just 1.7
minutes. This demonstrates a significant improvement in time efficiency, although the winding error rate (9.14%) is higher, which
may be attributed to factors such as more complex windings and sensor resolution limitations, highlighting the need for further
optimization to balance speed and accuracy.

Further analysis of the causes of discrepancies, such as deviations in winding count and voltage inaccuracies, can be linked to
several technical factors, such as the resolution of the sensors used, motor precision in speed control, and inaccuracies in the motor’s
stopping mechanism. These inaccuracies could be due to friction in mechanical components or position drift of the motor after
several rotations. When compared to manual winding systems, this design offers significant improvements in consistency and
production time. Although there are still some deviations, the innovation in utilizing automation technology demonstrates great
potential for enhancing the overall efficiency of transformer production.

IV. DISCUSSION

The calibration of the device is performed manually using measurement tools to check voltage, rotational speed, and other
parameters, establishing reference points for data collection. The analysis involves evaluating the device’s precision and
functionality after assembly, including assessing the accuracy of the coil count on the automatic transformer winder by comparing
the set rotation count with the actual count. Additional factors analyzed include the thickness of the wire used, rotational speed,
winding time, and the effect of the transformer core's cross-sectional size on performance. Furthermore, samples are created to test
the winder’s capability to produce functional transformers that meet specific current and voltage requirements.

TABLE I
TESTING AT 5V VOLTAGE

Trial Measured Voltage Error
Number Result Percentage
1 5.14V 2.7%

2 5.13V 25%

3 5.12V 23 %

4 5.14V 2.7 %

5 515V 29%
Average 514V 2.7%

Value
TABLEII
TESTING AT 12V VOLTAGE
Trial Measured Voltage Error
Number Result Percentage
1 1144V 4.9 %
2 1143V 5.0%
3 1144V 4.9 %
4 1145V 4.8 %
5 1145V 4.8 %
Average 11.44 V 4.9 %
Value
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Before proceeding with further testing, initial measurements were carried out on both the main motor and the sliding motor to
ensure their proper functioning and reliability. A tachometer was used to measure the rotational speed of the motors, providing
precise data to assess their performance. This step is crucial to identify any potential issues and ensure that the motors operate
within the required specifications. By obtaining accurate measurements at this stage, the testing process can be conducted more
effectively, minimizing errors and ensuring reliable results in subsequent testing phases.

TABLE III
RPM MEASUREMENT WITH TACHOMETER ON MOTOR

Motor Type Trial Number RPM Average
1 500.7
500.1 500.2
499.0
376.0
378.0 372.0
362.0

Main Motor

Sliding Motor

W [N | =W [N

The next comparison examines the results derived from both datasets, which include the measurements of the rotation readings
on the device and the actual number of coils wrapped around the transformer core. This comparison is crucial for assessing the
accuracy and consistency of the data obtained from the device readings in relation to the real-world number of coils, which
ultimately helps in understanding the performance and efficiency of the transformer during operation. By analyzing these two sets
of data, a more comprehensive evaluation of the system’s functionality can be made, ensuring the alignment between theoretical
and practical outcomes.
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Figure 6. Graph Comparing the Values Between Actual and Total Coils Wrapped

From Figure 6, it can be observed that there is a discrepancy between the winding measured by the sensor and the actual number
of windings. The discrepancy ranges from 0.7 to 1.3 turns, with an average difference of 0.8 turns and an error rate of 9.14%. This
discrepancy may be attributed to several factors, such as slippage of the spool during winding, inaccuracies in the motor's stopping
position, or other related issues.

The next stage of testing focuses on the Winding Duration of the Device. This test aims to evaluate the time required for the
device to complete a single winding cycle under various operational conditions. The results are critical for assessing the device's
efficiency and consistency, particularly in maintaining precision over multiple cycles. Factors such as motor speed, sensor accuracy,
and potential delays caused by mechanical components are carefully analyzed. Any deviations or inefficiencies identified during
this phase will provide valuable insights for further optimization of the device’s performance.

TABLE IV
WINDING DURATION OF THE DEVICE

Voltage Wire Size Set Actual Duration RPM

Primary 220 V 0,15 836 836 I minute 42.20 498

second

Secondary 6 V 23 23 4.24 second 497.5
CAY 0,7 12 12 3.43 second 497.2
12V 12 12 3.47 second 4974
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From Table 4, it is evident that to wind the primary coil of 220 V, the winding tool is set to an input of 836 turns. The tool
successfully completes the winding process precisely at 836 turns, with a total duration of 1 minute and 42.20 seconds. For the
secondary coil of 6 V, which is set to an input of 23 turns, the actual winding process achieves exactly 23 turns within a duration
of 4.24 seconds. Similarly, the winding processes for 9 V and 12 V are carried out as shown in the table above. For the 9 V coil, 35
turns are required, while the 12 V coil requires 46 turns. However, as indicated in Table 4, the number of turns for 9 V and 12 V is
listed as 12 turns because, to achieve the desired voltage, only additional turns are needed to build upon the previous winding.

V. CONCLUSION

This study presents notable advancements in transformer manufacturing optimization through the development of a fully
automated winding system designed to improve precision, operational efficiency, and production consistency. By employing
programmable microcontrollers and integrated sensor systems, the design effectively addresses persistent issues in manual winding
processes, including time inefficiency, human error, and variability in coil quality. The research methodology included initial
calibration and systematic data collection by measuring key parameters such as voltage, rotational speed, and winding count
accuracy, establishing a robust baseline for performance evaluation. Experimental results revealed an average winding error rate of
9.14%, primarily attributed to minor spool slippage and motor deceleration inconsistencies. Performance assessments confirmed
the system's capability to achieve target winding specifications across varying voltage conditions with minimal deviation between
programmed and actual coil counts. Reliability evaluations through RPM monitoring and cycle time measurements further validated
the system's operational stability and efficiency. Despite minor deviations, the prototype demonstrated strong reliability and
scalability, presenting a cost-effective solution aligned with the increasing demand for automation in modern transformer
production. Future developments may include the integration of Internet of Things (IoT) and Artificial Intelligence (AI)
technologies to enable real-time system monitoring, predictive fault detection, and autonomous adjustment, thereby enhancing
adaptive manufacturing capabilities. Commercialization opportunities also exist by adapting the system for various transformer
specifications and production volumes. Distinct from previous research primarily centered on manual or semi-automated solutions,
this innovation uniquely integrates full automation with real-time feedback and modular scalability, establishing a new standard for
smart transformer manufacturing systems.
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