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Abstract
  In this study, we analyzed previous studies on automotive wheel energy harvesters using 

piezoelectric methods and designed and analyzed a low-speed energy harvester that can be mounted 

inside the spokes using electromagnetic induction. Through mathematical analysis, we theoretically 

confirmed the potential for power generation. In an actual experiment, by connecting five 

generators in parallel within five spokes, results of 1.3A, 1.56V, and 2.028W are obtained. Based 

on these results, the difference from the calculated value and its causes are analyzed, and an 

improved study of addressing the problems is proposed. It is confirmed that the power output at 

low speeds is higher than that of previous small piezoelectric energy harvesters. Thus, it is 

concluded that it can be applied in combination with other generators.

1. Introduction
  Recently, due to environmental pollution and 
depletion of fossil fuels, renewable energy is 
receiving increasing attention as an alternative. 
Along with the development and advancement 
of renewable energies such as solar thermal, 
solar photovoltaic, wind, and hydroelectric 
power, their limitations have also become 
apparent [1]. Based on these limitations, 
research on energy harvesting has been actively 
conducted to address issues of efficiency and 
intermittency in renewable energy. Technologies 
have been developed and studied to convert 
various forms of wasted energy, such as 
regenerative braking, heat [2], vibration [3,4], 
and other kinetic energies [5], into usable 

forms.
  In line with this interest in energy 
generation, technologies to collect wasted 
energy inside automobiles beyond regenerative 
braking have also been developed. In particular, 
research has been conducted to convert 
vibrations from suspensions into electrical 
energy, simultaneously aiming for both power 
generation and improved stability [6]. As part 
of automotive energy harvesting that can be 
applied alongside such technologies, this study 
proposes a method to convert energy generated 
from the rotational force of car wheels into 
electricity.

2. Analysis of Previous Research
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  In the study “HARVESTING ENERGY 
FROM VEHICLE WHEELS” by G. Manla, N. 
M. White, and J. Tudor, a system using a 
piezoelectric generator to obtain electricity from 
rotating vehicle wheels was utilized. This 
method generates electricity by applying impact 
to the piezoelectric element using the 
centrifugal force of the wheel. In the study, the 
generator was attached to the wheel rim, and 
4mW of power was produced at 800 rpm using 
a test wheel with a diameter of 0.12 m [7].
In the study “Piezoelectric Energy Harvesting 
from Automotive Wheels” by Vaishak, Roopa 
Manjunatha, and G. L. Manjunath, an energy 
harvester based on a piezoelectric sensor was 
installed inside the wheel spokes, used to 
charge a lead-acid battery. Using MATLAB, it 
was confirmed that the device operates within 
the 20~120 km/h speed range, and it was 
demonstrated that sufficient power can be 
harvested at speeds over 60 km/h to charge a 
12V lead-acid battery [8].
  Unlike previous studies that adopted power 
generation methods using piezoelectric elements, 
this study focused on electromagnetic induction 
and designed the generator. Five coils are 
placed inside the wheel spoke, and the magnets 
move through the coils. When the car 
accelerates or decelerates and passes the 
angular velocity point where centrifugal force 
and gravity balance within the wheel magnet, 
the magnet moves through the coil, generating 
current as the primary power source. 
Additionally, vibrations from road surfaces and 
the wheel’s rotation transform the relative 
position of the magnet and coil, inducing 
differneces in magnetic flux through the coil, 
which generates electricity.
 
3. Design of Experiment

  In this study, the vehicle wheel is assumed 
to have five spokes, and the generator is 
designed with a coil and magnet located inside 
each spoke. The wheel’s outer diameter was set 
to 201 mm, the rim thickness to 4 mm, the 
hub to an outer diameter of 58.606 mm, and 
an inner diameter of 54.606 mm. The spokes 
were designed as cylinders with a diameter of 
31.5 mm, and five spokes were evenly 
arranged at equally spaced angles. 

Figure.1 Energy harvester 3D model.

  The space for the internal coil in the spoke 
is a cylinder with a diameter of 25.5 mm and 
a length of 41 mm. The base of the cylinder, 
which is the closest part of the cylinder to the 
hub, is located 53 mm from the hub’s center, 
and the vertical axis aligns with the spoke 
center. The spoke is divided vertically in half, 
allowing the coil and magnet to be placed 
inside and sealed afterward. 
  To rotate the wheel and measure the energy 
output, a motor and measurement devices are 
attached to the hub. In front of the hub, a 
motor is fixed to make rotational motion. On 
the opposite side, an Arduino, a current sensor, 
a Bluetooth module for data transmission, and 
batteries are equipped. The five coils inside the 
five spokes are connected in parallel, and 
diodes are used to ensure unidirectional current 



flow, preventing current cancellation between 
two or more reversed coils. A resistor and a 
current sensor are inserted in the middle of the 
electric wire. A discrete Arduino is set for the 
motor.

4. Numerical Analysis of Experiment
  In this study, the energy harvester operates 
on the law of electromagnetic induction. In 
electromagnetic induction, the induced 
electromotive force can be expressed as 
follows. 

    


      (1)

In the above equation,  denotes the number 
of turns of the coils,  represents the magnetic 
flux, and the induced electromotive force is 
expressed as the product of the number of coil 
turns and the time derivative of the magnetic 
flux. Magnetic flux can be expressed as 
follows. 

    ··cos    (2)

The magnetic flux can be expressed as the 
product of the magnetic field, the 
cross-sectional area of the coil, and the cosine 
of the angle between the area vector and the 
magnetic field. In this study, the angle between 
the magnet and the coil is assumed as . 
Thus, the value of cos  remains equal to 1. 
In the above equation, , representing the 
magnetic field, can be expressed as follows. 

    

  


 

  (3)

M denotes the magnetization of the magnet. In 
this study, the magnetization of the neodymium 

magnet is ×.  and  represent 
the length of the magnet and the radius of its 
cross-section, with values of 0.01m and 
0.005m. 

   


⋅


   (4)

The time derivative of the magnetic flux can 
be represented as follows. Since the 
cross-sectional area  is a constant, it is not 
affected by time. 

The time derivative of the magnetic field can 
be obtained through the following calculation 
process. For the convenience of calculating, B 
is expressed as  and . 

    


   (5)

    


   (6)

   





⋅


   (7)

   




 


 


⋅
    (8)

In this study, the determination of the magnet‘s 
velocity requires consideration of both the 
centrifugal force and the gravitational force 
acting upon the magnet. For this purpose, basic 
information about the angular velocity and the 
angle of the wheel is necessary. The motor, 
which makes the rotational motion of the 



wheel, requires 0.7 seconds to reach a 
rotational speed of 95 rpm. It can be assumed 
as a linear function over time. Since 95 rpm 
corresponds to 10 rad/s, the angular velocity 
can be expressed as follows. 

    


    (9)

*이하 AI 검사 시행 X, 표절검사 시행 O*
  Integrating this expression with respect to 
time yields the equation for angular 
displacement, as shown below. 

    










   (10)

  The centrifugal force can be expressed by 
the following equation. 

    ··   (11)

  And, the gravitational force can be 
represented as follows. 

    ··sin   (12)

  The radius of the designed energy harvester 
is approximately 0.1m, and the mass of the 
magnet is about 50g. Based on these 
parameters, the forces acting on the magnet can 
be summarized as follows. 

    ××sin××  (13)

  By substituting the measured quantities and 
the results of Eqs. 8 and 9 into the preceding 
expression, we obtain the following. 

    ×sin


×


   (14)

  The acceleration of the magnet, obtained by 
dividing the above expression by the mass of 
the magnet, is given as follows. 

    ×sin





     (15)

  The initial velocity of the magnet is 0, the 
velocity over time is as follows.

     ⋅⋅sin





   (16)

  The displacement of the magnet can be 
expressed as follows. 

   ⋅⋅sin





   (17)

  Since the initial velocity of the magnet is 
zero, its velocity as a function of time can be 
expressed as follows. 

        (18)

  According to Eqs. 8 and 18, the graph of 
the time derivative of the induced magnetic 
field is illustrated as follows. 



Figure.2 


 graph in t-B plane.

  The graph of the time derivative of the 
magnetic flux, obtained by multiplying  in 
Fig.2, is shown as follows. 

Figure.3 


 graph in t- plane.

  The time interval considered in this study is 
[0,0.5], and the corresponding graph of the 
time derivative of the magnetic flux within this 
range is presented in Fig.4. 

Figure.4 


 graph in t- plane (t: 0~0.5).

  Within this interval, the maximum value of 
the time derivative of the magnetic flux is 
approximately 0.0285 V. According to Eq. (1), 
the maximum induced electromotive force 
within this range is given as follows. 

   max ×     (19)

  Therefore, the expected voltage value of this 
experiment is 8.55 V.

5. Fabricating of Energy Harvester
  The wheel was fabricated by 3D printing, 
consisting of five spoke covers and one main 
body. The interior of the hub was printed 
completely hollow to ensure that the subsequent 
attachment of the motor would not be 
obstructed. For the motor, an Arduino DC 
motor designed for RC cars was employed. It 
was connected to the Arduino wheel and 
mounted inside the hub of the fabricated wheel 
to secure it in place. Photographs of the motor 
and wheel used are shown below. 



Figure.5 Arduino DC motor and wheel.

  The DC motor was powered through the 
Arduino, which in turn was supplied by a 
battery equipped with an on/off function to 
facilitate convenient control of the wheel’s 
operation. During the experimental procedure, 
the Arduino, battery, and motor were securely 
fixed to prevent any movement. A simplified 
schematic diagram of the circuit employed in 
this study to measure the energy recovery 
efficiency is shown below. 

Figure.6 Circuit diagram of energy harvester.

  In the circuit diagram of Fig. 3, the coil is 
represented as an alternating voltage source, 
while the current sensor is depicted as an 
ammeter. The current induced in the coil is 
rectified through a diode, allowing only current 
in a specific direction to pass, after which it 
flows through the current sensor and resistor 
before returning to the coil. 

Figure.7 Resister and current sensor.

  In this study, resistors of 1.2 Ω, 220 Ω, and 
10 kΩ were employed in the experiments, and 
based on the accuracy and reliability of the 
results obtained, the use of a 1.2 Ω resistor 
was determined to be the most appropriate. 
Finally, a photograph of the actual generator 
fabricated on the basis of this circuit diagram 
is shown below. 

Figure.8 Energy harvester (1).

Figure.9 Energy harvester (2).

6. Analysis of Experiment Result
  In this chapter, the process of selecting the 
resistor with the highest accuracy and reliability 



among 1.2 Ω, 220 Ω, and 10 kΩ, as well as 
analyzing the experimental results to derive the 
generated power, is addressed. In the 
experimental results, an issue arose in which 
the measured current did not yield 0 A when 
the generator was inactive (i.e., when the 
generated power was zero). Therefore, 
calculations for voltage and power were 
performed using V, which is defined as 
follows. 

     maxmin   (20)

  Here, min denotes both the minimum value 

of the current and the mode of the measured 
current when the generator is in an inactive 
state. A portion of the experimental data 
obtained using the 10 kΩ resistor is presented 
below. 

Table.1 10kΩ current data.

Current [A]
-0.15
-0.12
-0.15
0.62
0.30
0.38
0.78
0.12
0.57
0.75
1.23
0.78
2.66
2.79

  Here, the maximum current is 2.79 A and 
the modal value in the inactive state is −0.15 
A; therefore, for the 10 kΩ case,   is given 
as follows. 

          (21)

  The voltage computed from the resistance 
and current is as follows. 

           (22)

  On this basis, the power is obtained as 
follows. 

         (23)

  These values are excessively large for the 
generator fabricated in this study; had such 
voltage and current actually been produced, 
issues such as overheating or mechanical failure 
would likely have occurred. Accordingly, the 
10 kΩ case can be excluded from 
consideration. A subset of the experimental data 
obtained using the 220 kΩ resistor is presented 
below. 

Table.2 220Ω current data.

Current [A]
-0.73
-0.81
-0.81
-0.78
-0.91
-0.89
-0.99
-1.07
-1.31
-1.31
-1.33

  In Table 2, the minimum current is −1.33 
A and the maximum current is −0.73 A. 
Accordingly,  is given as follows. 

          (24)

  Using the foregoing information, the voltage 



is computed as follows. 

      ×Ω   (25)

  On this basis, the power is obtained as 
follows. 

          (26)

  A voltage of 132 V and a power of 79.2 W 
are values attainable with precision generators; 
however, in energy-harvesting environments 
such as the present study, such magnitudes are 
unlikely. Therefore, the 220 Ω case can be 
excluded from consideration, and the 1.2 Ω 

resistor is selected.
Among the data obtained with the 1.2 Ω 

resistor, the maximum and minimum currents 
are −0.03 A and −1.33 A, respectively. 
Based on these values,  is calculated as 
follows. 

          (27)

  The corresponding voltage and power are 
then given as follows. 

         (28)

        (29)

  These values constitute reasonable voltage 
and power levels for an energy-harvesting 
generator based on electromagnetic induction.

7. Conclusion and Recommendations
 7.1. Comparison with Expectation and 
Previous Researches
  In prior studies employing piezoelectric 
methods, peak power output typically remained 

at the level of several tens of milliwatts or a 
few milliwatts [7, 9-11]. In contrast, by 
adopting electromagnetic induction and a 
structure in which multiple generators are 
connected in parallel, the present study 
achieved a peak power of approximately 2.03 
W and peak voltage and current of 1.56 V and 
1.3 A, respectively. These values are 
substantially higher than those reported for 
typical small-scale piezoelectric generators. 
  By contrast, the generator fabricated in this 
work is not intended for continuous power 
generation; rather, the circumstances under 
which generation occurs can be described by 
the following equations. 

      (30)

  Here, F denotes the centrifugal force and can 
be expressed as follows. 

   ··


  (31)

  Accordingly, the threshold angular velocity at 
which power generation occurs in the tire is 
given by following equation. 

    





  (32)

  On this basis, letting Δω represent the 
difference between the threshold angular 
velocity and the current angular velocity, the 
condition for power generation can be 
expressed as follows. 

     





  (33)



  From Eq. (33), power generation is defined 
as occurring when the sign of Δω is negative. 
Thus, power is generated only under low-speed 
conditions in which the angular velocity does 
not exceed the threshold value. 
  As shown in the result of Eq. (18), the 
expected induced electromotive force in this 
study is 8.55 V, and the induced current 
measured in the experiment with a 1.2 Ω 

resistor is approximately 7.125 A. On this 
basis, the corresponding power is given by 
following equation. 

        (34)

  The comparison between the expected values 
and the experimental results is summarized in 
Table 3. 

Table.3 Data comparison.

Comparison

Physical

quantity 

Expected Result

  8.55V 1.56V
  7.125A 1.3A
  60.92W 2.028W

  The factors presumed to account for the 
discrepancy between the expected and observed 
results are as follows

1. Conversion losses in the transformation of 
mechanical energy into electrical energy.
2. Energy dissipation due to friction and heat.
3. Misalignment between the magnet’s rotation 
and the coil orientation.

  Electromagnetic induction fundamentally 
involves the conversion of mechanical energy, 
arising from the relative motion between the 
magnet and the coil, into electrical energy. In 

the theoretical calculations of this study, the 
reduction of mechanical energy was not 
considered, thereby producing overestimated 
values. Moreover, the calculations assumed an 
idealized system without friction or air 
resistance, and neglected losses in the 
conversion process. Finally, while the 
theoretical model presupposed that the angle 
between the magnet and the cross-sectional area 
of the coil remained constant, in practice, the 
magnet’s rotation can lead to variations in this 
angle, further affecting the induced 
electromotive force. These factors collectively 
explain the observed divergence between the 
theoretical estimates and experimental results.

 7.2. Representation of Improved Study
  An improved version of this research can be 
designed as follows. In the present experiment, 
the central axes of the magnet and coil were 
not perfectly aligned, potentially leading to 
reductions in the induced electromotive force. 
To address this, a guiding fixture to stabilize 
the passage of the coil is necessary. 
Furthermore, in this study, a single diode was 
employed for each coil to block reverse 
currents. By instead adopting a bridge rectifier 
circuit, reverse currents could also be rectified 
and utilized, thereby increasing the power 
output of the energy harvester and ensuring a 
more uniform performance. 

Figure.10 Bridge rectifier circuit..



  The energy-harvesting generator fabricated in 
this study is located within the wheel itself, 
thereby distinguishing it from previous 
approaches. Consequently, if integrated with 
other generators applied externally to the wheel 
or suspension, the system could achieve higher 
overall efficiency while also supplementing 
power generation under low-speed conditions, 
where conventional generators typically 
underperform.
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