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Abstract

Renewable energy systems require reliable electrical generators to convert mechanical energy into
electrical energy through the principle of electromagnetic induction. Among various generator
technologies, the axial flux permanent magnet generator (AFPMG) has attracted considerable attention
because of its compact structure, high efficiency, high power density, and excellent performance at low
rotational speeds, making it suitable for small- and medium-scale renewable energy applications.
However, the electrical performance of AFPMGs is strongly influenced by their design parameters and
operating conditions, requiring experimental evaluation under controlled conditions. This study aims
to design, fabricate, and experimentally evaluate a DC motor-driven axial flux permanent magnet
generator (AFPMG) system for electromechanical DC-AC energy conversion. A DC motor was
employed as the prime mover to drive the AFPMG, while the effects of stator winding turns, winding
wire diameter, and permanent magnet dimensions on generator performance were investigated
experimentally. Performance evaluation was conducted by measuring the output voltage, current,
rotational speed, generated power, and overall electromechanical conversion efficiency of the
integrated motor—generator system. The developed motor—generator system successfully generated
stable alternating current (AC) output under various operating conditions. The experimental results
demonstrate that the generator performance is significantly affected by the stator winding configuration
and magnetic field strength, with improvements in these parameters leading to higher output voltage
and power generation capability. The findings provide valuable insights into the design and
optimization of compact axial flux permanent magnet generators for renewable energy applications.
Keywords: Axial Flux Permanent Magnet Generator, Motor—Generator System, Electromechanical
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INTRODUCTION

Electrical energy has become an essential requirement in modern society, with global electricity
demand continuing to increase due to industrial development and technological advancement.
Although most electricity is still generated from conventional sources such as steam, thermal, and
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nuclear power plants, renewable energy resources including solar, wind, and hydropower have gained
significant attention because of their sustainability and lower environmental impact. In renewable
energy systems, mechanical energy obtained from natural resources is converted into electrical energy
through electric generators based on the principle of electromagnetic induction. According to
Faraday's law, an electromotive force (EMF) is induced when a conductor experiences a changing
magnetic flux. Therefore, the performance of a generator depends on several factors, including rotor
speed, magnetic field strength, and the effectiveness of the excitation system, all of which influence
voltage stability and power generation capability (Farhan et al., 2021; Bianchi et al., 2018; Boldea &
Nasar, 2020; Khan et al., 2019).

In laboratory-scale investigations and prototype development of renewable energy systems, a
motor—generator (M—G) configuration is widely employed to evaluate generator performance under
controlled operating conditions. In this electromechanical energy conversion system, electrical
energy supplied to a DC motor is first converted into mechanical rotational energy. The rotating shaft
of the DC motor subsequently drives an alternating current (AC) generator, which converts the
mechanical energy into AC electrical energy through electromagnetic induction. This approach
provides a stable and controllable prime mover, allowing the electrical characteristics of the
generator, including output voltage, current, frequency, and power, to be experimentally evaluated
over a range of operating conditions. Consequently, motor—generator systems have become an
effective platform for studying generator performance and validating renewable energy technologies.

Among various generator technologies, the axial flux permanent magnet generator (AFPMG)
has attracted considerable attention because of its compact structure, high power density, and superior
efficiency compared with many conventional radial-flux generators. The AFPMG utilizes high-
strength permanent magnets, such as Neodymium Iron Boron (NdFeB), to produce a strong magnetic
field without requiring an external excitation current, thereby reducing electrical losses and improving
overall efficiency. In addition, its axial magnetic flux configuration enables a lightweight and
compact construction while maintaining excellent performance at relatively low rotational speeds.
These characteristics make AFPMGs particularly suitable for small- and medium-scale renewable
energy applications, including wind turbines, pico-hydropower systems, and other distributed
generation systems where compact dimensions, high efficiency, and reliable operation are required
(Ortiz-Garcia et al., 2024; Adi Suryantara et al., 2024; Xuan & Trong, 2025; Ferreira & Costa, 2024).

Despite these advantages, the electrical performance of an AFPMG is strongly influenced by
its operating conditions, particularly rotational speed and loading. Variations in these parameters
directly affect the generated voltage, output current, frequency, and overall power generation
capability. Therefore, experimental evaluation using a controlled motor—generator system is
necessary to accurately characterize the performance of the AFPMG under different operating
conditions. Such investigations provide valuable information for optimizing generator design and
assessing its suitability for renewable energy applications. Accordingly, this study aims to design,
fabricate, and experimentally evaluate a DC motor-driven axial flux permanent magnet generator
(AFPMGQG) system. The proposed motor—generator system employs a DC motor as the prime mover
to rotate the AFPMG, enabling comprehensive performance evaluation based on output voltage,
current, rotational speed, generated power, and overall electromechanical conversion efficiency. The
findings are expected to contribute to the development of compact, efficient, and reliable
electromechanical energy conversion systems for renewable energy applications.

METHOD

The research was conducted through three main stages: observation and system design,
fabrication and assembly, and experimental performance evaluation. During the observation and
system design stage, the main components of the motor—generator system were identified and
analyzed. These components included the axial flux permanent magnet generator (AFPMG), the DC
motor used as the prime mover, the coupling mechanism, the measuring instruments, and supporting
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electrical components. Particular attention was given to understanding the operating principle of the
AFPMQG, including electromagnetic induction, permanent magnet excitation, stator winding
configuration, and the influence of rotational speed on the generated electrical output. Based on this
analysis, the overall motor—generator system was designed to ensure reliable mechanical coupling
and stable operating conditions during experimental testing.

The fabrication and assembly stage involved constructing the AFPMG and integrating it with
the DC motor according to the proposed design. The generator rotor was equipped with permanent
magnets, while the stator was fabricated using three-phase windings with predetermined numbers of
turns and wire diameters. The completed AFPMG was mechanically coupled to the DC motor to
establish a motor—generator (M—G) system capable of converting electrical energy supplied to the DC
motor into mechanical rotational energy, which subsequently drove the generator to produce
alternating current (AC) electrical output. Measuring instruments, including voltage, current,
rotational speed, and power meters, were installed to monitor the operating characteristics of the
system during testing.

The experimental performance evaluation was conducted by operating the motor—generator
system under various generator winding configurations and rotational speeds. Performance
measurements included output voltage, output current, rotational speed, output power, and overall
system efficiency. Since the electrical input power was supplied to the DC motor rather than directly
to the generator, the calculated efficiency represents the overall electromechanical efficiency of the
integrated motor—generator system, including the mechanical losses associated with the motor and
coupling mechanism. The experimental results were subsequently analyzed to evaluate the influence
of winding parameters and operating conditions on the electrical performance of the AFPMG,
including voltage characteristics, power generation capability, and system stability under different
loading conditions. The experimental performance evaluation was conducted by operating the motor—
generator system under various generator winding configurations and rotational speeds. Performance
measurements included output voltage, output current, rotational speed, output power, and overall
system efficiency. The experimental results were subsequently analyzed to evaluate the influence of
winding parameters and operating conditions on the electrical performance of the AFPMG, including
voltage characteristics, power generation capability, and system stability under different loading
conditions.

The efficiency reported in this study represents the overall efficiency of the integrated motor—
generator system. The input power corresponds to the electrical power supplied to the DC motor,
while the output power corresponds to the electrical power generated by the AFPMG. Therefore, the
calculated efficiency includes the electrical and mechanical losses of both the DC motor and the
generator and should not be interpreted as the intrinsic efficiency of the AFPMG alone.

Power and Efficiency Measurement

The system is energized by applying voltage to the Axial Flux Permanent Magnet Generator circuit
to establish a measurable current flow. The output power of the generator was determined using the
AC power equation given in Equation (1).

Poyt = Ipc X Vac X cos® (1)
where V. is the output voltage, I, is the output current, and cos @ is the load power factor. Since
the experimental measurements were conducted using a resistive load, the power factor was assumed
to be approximately one (cos @ = 1). Consequently, the output power was calculated using

Equation (2), as

Pout = Lac X Vyc (2)
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P = Power (watt)

I = Current (Ampere)

V = Voltage (Volt)

With the input power (Pin) and output power (Pout) values determined, the operational efficiency (1)
of the Axial Flux Permanent Magnet Generator is calculated using the subsequent relationship shown
in Equation (3).

Output Power

Efficiency (n) = X 100% 3)

Input Power

The fundamental principle governing the operation of three-phase AC machines is the creation
of a rotating magnetic field within the stator. This is accomplished by applying a three-phase
sinusoidal current to the spatially distributed stator windings, which generates a resultant magnetic
flux vector that rotates continuously around the interior of the motor at synchronous speed, as
expressed in Equation (4) (Kothari & Nagrath, 2017).

120 % f
= (2221) .
P = number of rotor poles

f =frequency (Hz)
N;s = The synchronous speed of the motor in revolutions per minute (rpm).

The rotor component is fabricated from transparent acrylic, configured as a circular disc with a 5 mm
thickness. The determination of the magnet area is carried out using the subsequent formula shown
in Equation (5).

— 2
Apg=m-T (%)
Amg = magnetic cross-sectional area.

r = radius of the magnetic core

The theoretical expression for magnetic flux is derived from Faraday’s law and the fundamental
relation ®=BA, where B is the magnetic flux density and A is the magnetic cross-sectional area. In
practical magnetic circuit and transformer design, additional factors are often incorporated to account
for the effects of multiple magnetic paths, leakage, fringing, and magnetic reluctance. Consequently,
the maximum magnetic flux can be expressed in an extended empirical form as shown in Equation

(6).

D =Apg X Bpg Xm X R (6)
) = maximum magnetic flux (Weber, Wb)

Apg = magnetic cross-sectional area (m?)

By = maximum magnetic flux density (Tesla, T)

m = number of magnetic paths or phases (dimensionless)

R = magnetic reluctance or correction factor (depending on the context of the equation)
RESULTS AND DISCUSSION

Design of Tools
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To develop an efficient electromechanical energy conversion system, this research focuses on
the design and fabrication of a DC motor-driven axial flux permanent magnet generator (AFPMG)
system. The proposed motor—generator system employs a DC motor as the prime mover to drive the
AFPMG, enabling the conversion of electrical energy supplied to the DC motor into mechanical
rotational energy, which is subsequently converted into alternating current (AC) electrical energy by
the generator through electromagnetic induction. The design of the AFPMG, including the stator
winding configuration, permanent magnet arrangement, and mechanical assembly, plays an important
role in determining the output voltage, power generation capability, and overall performance of the
integrated motor—generator system. The design configuration of the proposed motor—generator
system is illustrated in Figure 1.

Figure 1. Design of DC to AC converter with permanent magnet axial flux type generator

Image Description: (1) DC Motor, (2) Panel Box, (3) RPM Optocoupler Sensor, (4) Rotor Disc and
Neodymium Iron Boron (NdFeB) Magnet, (5) Wire Winding, (6) Stator Disc and Neodymium Iron
Boron (NdFeB) Magnet, (7) UCP Pillow Block Shaft

Tool Assembly

The assembly of the proposed motor—generator system was carried out through several stages.
First, the base frame was assembled to provide structural support for the entire system, followed by
the installation of UCP pillow block bearings to support the generator shaft and ensure stable rotor
rotation. A DC motor was then mounted on the frame and mechanically aligned with the generator
shaft to serve as the prime mover. Next, the rotor was assembled by uniformly mounting Neodymium
Iron Boron (NdFeB) permanent magnets on the rotor disc according to the predetermined pole
configuration, ensuring correct magnetic polarity and equal spacing to produce a uniform magnetic
field, as illustrated in Figure 2. The completed rotor was subsequently installed on the generator shaft
and mechanically coupled to the DC motor.

3‘ 16 cm ‘

Figure 2. Rotor geometry and permanent magnet arrangement of the axial flux permanent
magnet generator (AFPMG).
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The stator was fabricated by winding enamel-coated copper wire according to the specified
number of turns and wire diameter, after which it was mounted parallel to the rotor while maintaining
an appropriate air gap to maximize electromagnetic induction without physical contact during
operation. An optocoupler-based rotational speed (RPM) sensor was installed adjacent to the rotor
and calibrated to ensure accurate rotational speed measurements throughout the experimental testing.
Finally, the electrical measurement and control system was installed inside the control panel,
consisting of the DC power supply, voltage and current measuring instruments, RPM monitoring unit,
and other supporting electrical components. All electrical connections between the DC motor, the
axial flux permanent magnet generator (AFPMG), the measuring instruments, and the load were
completed according to the experimental design to ensure safe, stable, and reliable operation during
performance evaluation.

Wiring Diagrams

The wiring diagram shows an electronic circuit involving several main components, namely the
Hi-Link module as a power supply, Arduino Nano microcontroller, FC-03 series sensor, LCD screen
and relay module can be seen in Figure 3.

Figure 3. Wiring diagrams system

The electrical measurement and monitoring system was designed to support the experimental
evaluation of the motor—generator system. An AC-DC power supply module (100240 V AC input,
15 V DC/1300 mA output) was used to provide a stable DC voltage for the Arduino Nano, sensors,
and other electronic components. The Arduino Nano functioned as the main controller by acquiring
sensor signals, processing the measurement data, and displaying the results on the LCD module. The
voltage, current, and rotational speed sensors were connected to the Arduino through the appropriate
analog and digital input pins, enabling real-time monitoring of the operating parameters of the axial
flux permanent magnet generator (AFPMG). The LCD module was interfaced with the Arduino to
display the measured electrical quantities, while manual push buttons were provided for system
initialization and operational control during the experimental tests. All components were integrated
through the control panel to ensure reliable data acquisition and stable operation throughout the
performance evaluation of the motor—generator system.

System Block Diagram

This block diagram illustrates the process flow of an Arduino Nano-based system involving
several sensors as inputs, a microcontroller as a processor, and an LCD display as output. The block
diagram shows how the system works by utilizing sensors for data collection, processing using a
microcontroller, and displaying the results on an LCD screen, as illustrated in Figure 4.
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Figure 4. Wiring Diagram of Monitoring System Control

The PZEM-004T sensor measures electrical parameters such as voltage, current, power, and
energy in an electrical circuit. The data generated by this sensor is sent to the Arduino for further
processing. Meanwhile, the speed sensor detects or measures the speed of an object or machine. This
data is also sent to the Arduino Nano for processing. The Arduino Nano functions as a data processing
center. Data received from both sensors (the PZEM-004T and the speed sensor) is processed by the
Arduino Nano. The Arduino then determines the output to be displayed on the LCD screen based on
the processed data. The results of the Arduino Nano's processing are displayed on the LCD. This
output includes information from the PZEM-004T sensor (such as voltage, current, power) and the
speed sensor.

System Monitoring Control Flowchart

The flowchart in Figure 5 delineates the operational sequence of an automated monitoring
system. The system, built upon an Arduino Nano microcontroller, integrates two primary sensors: the
PZEM-004T and a dedicated speed sensor. A step-by-step breakdown of the process is provided
below.

Read the PZEM-
004T sensor and the
speed sensor

Figure 5. System monitoring control flowchart
The diagram outlines how the system autonomously acquires and processes data from these

components : (1)System Initiation, the process commences upon system power-up. All components
are prepared for initialization at this stage, (2) input/output initialization, the system initializes the
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sensors and the Liquid Crystal Display (LCD) then Arduino Nano configures communication with
the PZEM-004T and speed sensors and sets up the LCD to serve as a data output display, (3) sensor
data acquisition, the Arduino Nano proceeds to acquire data from both the PZEM-004T (which
measures electrical parameters such as voltage, current, and power) and the speed sensor. The
acquired data is then validated to ensure correct readings. If the data is successfully read, the process
advances. If an error in data acquisition occurs, the system re-attempts the reading until valid sensor
data is obtained, (4) data display, once the sensor data is successfully acquired and validated, the
Arduino Nano transmits the processed information to the LCD for real-time display. The information
presented includes key values such as voltage, current, and speed, corresponding to the monitored
parameters, (5) process conclusion, upon displaying the data, the current process cycle concludes.
The system is then prepared to re-enter the data acquisition loop, enabling continuous monitoring and
updating of the displayed information.

Testing Parameters and Specifications

This section details the parameters and specifications used during the system testing phase. The
test was conducted with a stator winding of 100 turns using a Imm diameter wire and a 1.4 V DC
input voltage to the motor. The detailed specifications of the components are as follows: (1) stator
windings have a wire diameter of 1 mm, (2) the stator is composed of 9 winding units, connected in
a series configuration, (3) the motor operates at a speed of 500 rpm, (4)The rotor features 12 poles,
with each pole generating a voltage of 2.5 V AC and wound with 100 turns, (5) the air gap between
the stator and rotor is 1 cm, (6) Neodymium (N52) magnets are used, each with a diameter of 2.5 cm
and a thickness of 0.5 cm, (7) the rotor is equipped with 9 pairs of permanent magnets, arranged in
alternating North and South poles. The complete experimental setup used for testing is shown in
Figure 6.

Figure 6. DC-to-AC Motor Generator System for a Permanent Magnet Axial Flux Generator

The experimental evaluation of the axial flux permanent magnet generator (AFPMG) was
conducted using an oscilloscope to observe the induced voltage waveform generated by the stator
windings during rotor rotation. This measurement approach is consistent with previous studies that
employed laboratory-scale experimental setups to characterize the electromotive force (EMF)
produced by axial flux permanent magnet generators under controlled operating conditions (Radwan-
Praglowska et al., 2020). The observed waveform provides direct evidence of the electromagnetic
induction process and enables detailed evaluation of the generator’s electrical output characteristics.
During the experimental tests, the oscilloscope displayed a stable sinusoidal waveform, confirming
that the AFPMG successfully generated alternating current (AC) electrical output. The characteristics
of the generated waveform were influenced primarily by the rotational speed of the DC motor acting
as the prime mover and the electromagnetic characteristics of the generator, including the stator
winding configuration and permanent magnet arrangement. The oscilloscope measurements were
used to verify the waveform quality and the stability of the generated AC output throughout the
experimental evaluation.
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Figure 7. Experimental Results from Oscilloscope

Figure 7 illustrates that the voltage induced per winding is 2.5 V AC, while the total terminal
voltage generated across all windings is 36 V AC at a fundamental frequency of 50 Hz.

Table 1. Output Power Measurement DC

Power Supply DC
Load (Watt) Voltage DC (Volt)  Current DC (Iji)ni,pere) Power (Watt)
No Load 12 1.45 17.4
3 Watt 12 1.74 20.88
5 Watt 12 1.81 21.72
8 Watt 12 1.83 21.96
10 Watt 12 1.91 22.92
15 Watt 12 1.91 22.92

The data presented in Table 1 show the electrical input supplied by the DC power supply to the
DC motor, which served as the prime mover for the motor—generator system. Throughout the
experiments, the supply voltage was maintained at 12 V, while the input current increased from 1.45
A under no-load conditions to 1.91 A at 10 W and 15 W load conditions. Consequently, the electrical
input power supplied to the DC motor increased from 17.4 W to 22.92 W as the generator load
increased. The increase in motor input power indicates the additional mechanical power required to
overcome the higher electromagnetic torque produced by the axial flux permanent magnet generator
(AFPMG) under loaded operating conditions. The constant input power observed at the 10 W and 15
W load levels suggests that the motor—generator system had reached a stable operating region under
the applied experimental conditions. These measurements represent the electrical input to the
integrated motor—generator system rather than the input power of the AFPMG alone. Therefore, the
values reported in Table 2 were used to determine the overall electromechanical conversion efficiency
of the motor—generator system. This behavior is consistent with previous studies, which reported that
increasing electrical load requires greater mechanical input power and influences the overall energy
conversion performance of axial flux permanent magnet generators (Prasetijo, 2022; Rosa et al.,
2023; Irasari & Widiyanto, 2023).

Table 2. Output Power Measurement AC
Axial Flux Permanent Magnet (AFPM) Generator

Voltage AC Current AC Power Frequency Angular Velocity
(Volt) (Ampere) (Watt) (Hz) (rpm)
247.7 0 0 50.2 505
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Axial Flux Permanent Magnet (AFPM) Generator

Voltage AC Current AC Power Frequency Angular Velocity
(Volt) (Ampere) (Watt) (Hz) (rpm)
230.5 0.043 99115 49.8 504
227.7 0.046 10.4742 49.7 503
222.8 0.045 10.026 49.5 501

218 0.049 10.682 49.4 498
213.9 0.052 11.1228 49.4 498

The experimental data presented in Table 2 summarize the electrical output characteristics of
the axial flux permanent magnet generator (AFPMG), including output voltage, output current, output
power, output frequency, and rotational speed under different loading conditions. As the electrical
load increased, the output current increased from 0 A under no-load conditions to 0.052 A at the
maximum load, resulting in an increase in the generated output power from 0 W to 11.12 W.
Meanwhile, the output voltage gradually decreased from 247.7 V to 213.9 V, accompanied by slight
reductions in output frequency from 50.2 Hz to 49.4 Hz and rotational speed from 505 rpm to 498
rpm. These results indicate that increasing the electrical load required greater mechanical torque from
the DC motor acting as the prime mover, thereby causing a slight decrease in rotational speed and
consequently affecting the generated voltage and frequency.

When compared with the electrical input supplied to the DC motor (Table 2), the increase in
generated output power was accompanied by an increase in the electrical input required to drive the
motor. This behavior demonstrates the load-dependent characteristics of the integrated motor—
generator system, where the electrical energy supplied to the DC motor was converted into
mechanical rotational energy and subsequently into AC electrical energy by the AFPMG. The
observed performance is consistent with previous studies, which reported that increasing electrical
load leads to higher generated current and output power, accompanied by slight reductions in terminal
voltage, rotational speed, and output frequency due to the increased electromagnetic torque acting on
the generator (Eldoromi et al., 2018; Di Dio et al., 2022).

Table 4. Overall Electromechanical Conversion Efficiency of the Motor—Generator System

Load (Watt) PO;; E;rveSTU(p\r{/l; tI))C Poégrc?\v/\lf;t) Efficiency (%)
No Load 17.4 0 0.00%
3 Watt 20.88 99115 47.41%
5 Watt 21.72 10.4742 48.22%
8 Watt 21.96 10.026 45.66%
10 Watt 22.92 10.682 46.61%
15 Watt 22.92 11.1228 48.53%

The efficiency values presented in Table 4 were calculated by comparing the electrical output
power generated by the axial flux permanent magnet generator (AFPMG) with the electrical input
power supplied to the DC motor, which served as the prime mover of the integrated motor—generator
system. Therefore, the calculated efficiency represents the overall electromechanical conversion
efficiency of the motor—generator system, rather than the intrinsic efficiency of the AFPMG alone,
since the measured input power includes the electrical and mechanical losses associated with the DC
motor, shaft coupling, and generator. The experimental results show that the overall system efficiency
ranged from 45.66% to 48.53%, with an average efficiency of 47.28% under the investigated loading
conditions. These results indicate that the energy conversion performance of the integrated motor—
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generator system was influenced by the applied electrical load, mechanical transmission losses, and
the electrical characteristics of the generator.

The observed load-dependent characteristics are consistent with previous studies on axial flux
permanent magnet generators, which reported that generator topology, electromagnetic design,
winding configuration, magnetic circuit optimization, and operating load significantly influence
electrical output characteristics and overall electromechanical energy conversion performance.
Systematic load variation testing is therefore essential for evaluating the operational capability and
stability of axial flux permanent magnet generators under practical operating conditions (Vatani et
al., 2025; Zhu et al., 2023; Kumar & Singh, 2024; Wang et al., 2023; Kurt et al., 2021; Yang et al.,
2021; Ozdemir & Aydin, 2022; Li & Wang, 2023).

The experimental evaluation of the integrated motor—generator system was conducted under
external load conditions ranging from no-load to 15 W while maintaining a constant 12 V DC supply
to the DC motor. The experimental results show that the electrical input power supplied to the DC
motor increased from 17.4 W under no-load conditions to 22.92 W at the 10 W and 15 W load levels.
This increase indicates that greater electrical input was required by the DC motor to provide the
additional mechanical torque needed to drive the axial flux permanent magnet generator (AFPMG)
as the electrical load increased. The nearly constant input power observed at the 10 W and 15 W load
conditions suggests that the motor—generator system reached a stable operating region under the
applied experimental conditions.

The observed increase in motor input power with increasing electrical load reflects the typical
load-response behavior of electromechanical energy conversion systems. As the generator supplied
more electrical power to the load, the prime mover was required to deliver greater mechanical power
to maintain generator operation. Similar behavior has been reported in previous studies on axial flux
permanent magnet generators, where variations in loading conditions significantly influence the
electrical output characteristics and the overall performance of motor—generator systems. These
findings highlight the importance of systematic load testing for evaluating the operational
characteristics and electromechanical energy conversion performance of AFPM generators under
practical operating conditions (Saleh et al., 2021; Setyawan et al., 2022).

CONCLUSION

The developed motor—generator system employed an axial flux permanent magnet generator
(AFPMG) equipped with nine pairs of Neodymium (N52) permanent magnets, each measuring 2.5
cm in diameter and 0.5 cm in thickness. The stator consisted of nine series-connected windings
fabricated using 1 mm diameter copper wire. The AFPMG was driven by a 12 V DC motor acting as
the prime mover and was experimentally evaluated under no-load and resistive load conditions of 3
W,5W,8W, 10 W, and 15 W.

The experimental results demonstrate that the proposed motor—generator system operated
reliably under all tested loading conditions. As the electrical load increased, the output current
increased from 0 A to 0.052 A, while the output voltage gradually decreased from 247.7 V to 213.9
V. Meanwhile, the rotational speed and output frequency remained relatively stable, decreasing only
slightly from 505 rpm to 498 rpm and from 50.2 Hz to 49.4 Hz, respectively. These results indicate
that the AFPMG maintained stable electrical performance despite variations in loading conditions.

The overall electromechanical conversion efficiency of the integrated motor—generator system
ranged from 45.66% to 48.53%, with the highest efficiency obtained at the 15 W load condition and
an average efficiency of approximately 47.28% across all loading conditions. It should be noted that
this efficiency represents the overall performance of the integrated motor—generator system, including
the electrical and mechanical losses of both the DC motor and the AFPMG, rather than the intrinsic
efficiency of the generator alone. Overall, the proposed motor—generator system demonstrated stable
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operation and satisfactory electrical performance, indicating its potential for laboratory-scale
evaluation and the development of compact renewable energy generation systems.
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