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Modern-day renewable energy sources lack the power storage at an affordable cost. Most renewable energy
sources generate most of the energy during the day. The intermittency of the operation of many renewable
energy sources naturally encourages the government to rely more on fossil fuels due to the unavailability
to procure an on-demand power source that runs all day long. Aligned with my research that aimed to
improve the efficiency and power output of various renewable energy resources (i.e. photovoltaic cells,
hydroelectric generators, etc.), this research contributes to developing an alternative renewable energy
source that may practically run for years without any intervention. I aimed to construct a renewable source
model incorporating electromagnetic induction using the perpetual motion of a permanent magnet through
a solenoid to induce a considerable amount of current. © 2023 Optica Publishing Group

http://dx.doi.org/10.1364/ao.XX.XXXXXX

1. INTRODUCTION

A solenoid is a type of electromagnet consisting of a coil of
wire wound around a cylindrical core. If an electric current
flows through the wire and creates a magnetic field inside the
solenoid as shown in Figure 1.

Figure 1

The magnetic field within a solenoid can be modelled as a series
of concentric circles of magnetic field lines, with the area’s
strength increasing towards the solenoid’s centre. The magnetic
field within the solenoid can be described using Ampere’s law,
which states that the total magnetic field along a closed loop

is proportional to the electric current passing through the loop.[1]

The magnetic field inside a solenoid can be increased by
increasing the coil’s number of turns, the wire’s size, or the

current flowing through the wire. The magnetic field outside the
solenoid is much weaker and decreases rapidly with distance
from the solenoid.

Solenoids are often used as actuators or components in electric
motors and electromagnetic relays in practical applications.
Solenoids can also create controlled magnetic fields for scientific
experiments, such as in NMR spectroscopy.

In summary, the magnetic field within the solenoid results from
the current flowing through the wire coil, and its strength can
be increased by increasing the number of turns, the size of the
wire, or the current flowing through the wire. The magnetic
field is strongest inside the solenoid and decreases rapidly with
distance from the solenoid.

This research aimed to delve deeper into how this particular
magnetic field can be used to induce electricity constantly.

2. MATHEMATICAL ANALYSIS OF MAGNETIC FIELD IN-

SIDE A WIRE

Initially, a mathematical equation that links the solenoid’s
magnetic field and the induced current was to be found in order
to figure out the specifications for my solenoid (e.g. turns, thick-
ness, etc). Hence, I decided to initially find the equation for the
magnetic field in a any wire based on the Law of Biot and Savart.
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The Biot-Savart law is an integral equation in electromagnetism
that describes the magnetic field generated by a current-carrying
wire. It is named after Jean-Baptiste Biot and Félix Savart, two
French physicists who independently discovered the law in the
early 19th century. It is widely used in various applications,
from electric motors and transformers to scientific experiments
and engineering design.

The law states that the magnetic field dB generated at a point
P due to a current element dl at a point Q is proportional to
the current in dl, the distance between P and Q, and the sine of
the angle between the current and the line connecting P and Q.

Mathematically, the Biot-Savart law can be expressed as[2]:
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where I represents the constant current flowing through any

type of wire,
−→
r′ = −→r −
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I , µ0 is the permeability of free space,

−→
dI is a differential element of a current-carrying wire, −→r is the
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−→
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3. MATHEMATICAL ANALYSIS OF MAGNETIC FIELD IN-

SIDE A SOLENOID

Axial Field of a Circular Turn Wire

Figure 2

⋆x = a cos θ, y = a sin θ

∴ dI = adθ(− sin θi + cos θ j)

r2 − r1 = zR − (a cos θi + a sin θ j) = −a cos θi − a sin θ j + zR

where dI represents the change in current flowing in a coil of
wire/solenoid.
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As
∫ 2π

0 cos θdθ =
∫ 2π

0 = sin θdθ = 0, the axial magnetic field of
a circular coild of wire is given by the following equation:
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This equation can then be used to find an expression for the
magnetic field inside the solenoid as a solenoid is simply a series
of coil turns.

Axial Field of a Solenoid

Figure 3

In the diagram shown in Figure 3 above, L : N = dz : x, which
can be expressed as x = N

L dz.

dI = adθ(− sin θi + cos θ j)

r2 − r1 = −a cos θi − asinθ j + z0R

dI × (r2 − r1) = i(z0adθ cos θ) + j(z0adθ sin θ) + a2dθ IR

Hence, the magnetic field inside a solenoid can be expressed as
the following:
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As z0 − z = a tan θ, dz = −a sec2 θdθ,
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Rearranging z0 − z = a tan θ,
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Substituting for sin θ,
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Hence, the magnetic field inside the solenoid depends on the
induced current I, the number of coil turns N, the length of
the coil/solenoid L, and the position inside the solenoid α1, α2.
Aligned with the experiment, assuming that the length of the
solenoid, L, and the diameter of the solenoid, 2a, is approx-
imately the same, it is proven that the magnetic field of a
solenoid is the strongest at the inner centre of the solenoid where
[cos α2 + cos α1] is the largest. Subsequently, having a shorter
solenoid with more coils would produce a stronger induced
magnetic field.

4. DIPOLE POLARIZATION EFFECT

I had to think about whether I should place the solenoid in the
middle of the oscillating magnet or at the ends of the magnet.
This thought also came to mind when I watched my teacher’s
demonstration. Wouldn’t the magnet have a low rate of change
of magnetic flux linkage if the magnet oscillates inside the
solenoid rather than the magnet barging in from outside the
solenoid’s magnetic field vicinity? Thus, I decided to look into
more detail and consider the geometric nature of the dipoles in
a magnet.

Figure 4

It turns out that due to the dipole polarization effect, it is, in
fact, better to place the solenoid on the end of the solenoid’s
oscillation. In the permanent magnet, the polarized molecules
have dipoles, as shown in the Figure 4 above. The dipole
polarization effect refers to the separation and movement of
electric charges within an object due to an applied electric

field[3] Subsequently, within the material, the positive and
negative charges are redistributed, causing a rise in the electric

dipole moment[4].

Evidently, in the middle, there is no magnetic north or south
pole, but only towards the ends of the magnet does the nature
of the poles arise. Technically, the edges have the strongest pole
strength. Hence, I decided to place two solenoids at the edges of
the path of the oscillating magnet to result in the highest rate of
change of magnetic flux linkage. After experimenting on double-
solenoid setup and single-solenoid setup, I’ve discovered that
having two shorter solenoids on both ends induces a larger
current than using a single long solenoid when a permanent
magnet is moved towards the solenoid(s).

5. INVESTIGATION

A. Experimental Setup

The experiment setup for the initial model of the magnetic in-
ductor is shown in Figure 5 below. I used CAD software to
design a track for the magnet to travel with magnets on the ends
of its path. This way, at each end, the oscillating magnet will
experience a magnetic force exerted by the magnets on the ends
of the path.
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Figure 5

Then, considering the mathematical analysis to find the
magnetic field of a solenoid, I decided to design another
experimental setup with two solenoids and two oscillating
magnets to test if the induced voltage is larger. This is shown in
Figure 6 below.

Figure 6

This second setup induced a larger voltage (933mV) compared
to the first setup (682mV) when the permanent magnet oscillated
through the solenoid(s). As the force exerted on the oscillating
magnet is towards the centre of the track at all times, the motion
can be considered as simple harmonic motion if and only
if there is no friction of the track acting on the oscillating magnet.

Regrettably, it is nearly impossible to eliminate the frictional
forces acting on the oscillating magnet due to the surface of the
track. The track was 3-D printed and I had to research about the
coefficient of friction of various polymers used in prototyping
technologies, 3-D printers being one of them.

According to a group of researchers from aITMO University
that studied Tribology in Industry who wrote a research paper
on the Investigation of Friction Coefficient of Various Polymers
Used in Rapid Prototyping Technologies with Different Settings
of 3D Printing, the friction coefficient in tribopairs made of the
polymers can be found out using a universal friction machine
called MTU-1. It carries out tribological experiments with di-
verse contact schemes with or without the presence of lubricants.

The experiment showed that the tribological properties of the
tribopairs made of plastics for 3D printing are influenced by
the filling factor and the porosity. This is due to the presence
of plastic flow in the contact area, which increases the friction
coefficient. Temperature in the contact area was another factor,
but in my model, the temperature was not altered. Hence, it
is preferable to use materials with 100% filling, which has the
lowest friction coefficient. Fortunately, I was able to use PLA
(polyactic acid) material with 100% filling to construct the track.
Still, the track wasn’t fully frictionless, meaning the magnet can-
not be considered periodic as the moving magnet would slow
down and eventually stop at one point. This makes the aim of
this investigation of using perpetual motion to induce voltage
meaningless.

Figure 7

B. Circuit Simulation

Along with the limitation of the 3-D printed track, since I was
unable to find the appropriate bridge rectifier to convert the
alternating current into direct current, I decided to use compu-
tational simulation to display the circuit of my model. For the
second setup, each of the two solenoids is connected to a bridge
rectifier and a capacitor to change the alternating current into
direct current. I used Circuitlab to design and simulate the setup.
The circuit for this setup with shown in Figure 8 below.

Figure 8
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The solenoids are represented using a voltage function generator
(ac supply) with a DC offset of approximately 2V with an
amplitude of 1V. It generates a sine function with a frequency of
1000Hz. These values are empirical values obtained through
multiple trials of this experiment. It was assumed that the
oscillating magnets were experiencing negligible frictional
forces and undergoing simple harmonic motion. The coils had
a resistance of 100mΩ, which adds up to 200mΩ considering
the fact that the copper wire (solenoid) has a resistivity of
1.7 ∗ 10−8

Ωm. Both solenoids are connected to a bridge rectifier
to convert ac to dc.

The capacitors were connected with each of the bridge rectifiers
to achieve full rectification with the capacitance filter. Connect-
ing the two capacitors in series yields a higher voltage(1.032V)
than a parallel connection(971.4mV).

6. CONCLUSION

The experiment and the simulation have shown that it is possible
to induce a considerable amount of voltage depending on the
magnetic field strength of the solenoid and magnets. Moreover,
this research showed that having two solenoids induces a larger
voltage than a single solenoid on the same length of track. How-
ever, the magnetic field strength of the solenoid can be altered by
increasing the number of coil turns or a faster rate of change in
flux by using stronger permanent magnets. This research would
have tremendous practical application in the implementation of
electromagnetic induction on renewable energy sources.
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