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Abstract: Recently, research on non-contact conveyance systems using electromagnetic levitation
technology has accelerated. We have constructed an electromagnetic levitation control system that
keeps the relative distance between the electromagnet and steel plate constant. To investigate the
levitation stability of thin steel plates, we performed magnetic levitation experiments on a thin steel
plate with curvature. A physical disturbance was applied to the electromagnet units by vibrators.
The electromagnet units were vibrated up and down by a vibrator. We investigated whether the
bending magnetic levitation improved the levitation performance even if the magnetic levitation
system was in a vibrating environment. We determined that it was possible to realize stable levitation
for a steel plate under external disturbances during levitation at the optimal bending angle.

Keywords: electromagnetic levitation; bending levitation control; flexible steel plate; vibration control

1. Introduction

Recently, research on highly efficient electromagnetic actuators has been conducted
from the viewpoint of energy saving [1–5]. Research on the application of electromagnetics
is also being conducted [6–9]. In addition, research on the non-contact support of magnetic
materials by magnetic levitation has been actively carried out [10–15]. On the other hand,
when conveying steel plates in a steel plate manufacturing plant, the deterioration of
the steel plate surface quality caused by contact between the steel plate and rollers has
become a problem. However, there is no practical example of the non-contact conveying
of steel plates using magnetic levitation technology. Therefore, we propose a solution to
this problem by introducing magnetic levitation technology into the steel plate transfer
process. There are few studies on steel plates as levitation objects, and there are many
magnetic levitation studies on spheres as levitation objects [16–20]. In addition, although
there are some studies on thin steel plates as levitation objects, the deformation of the steel
plate itself is not a problem because the steel plate area is small [21,22]. Since the thin steel
plate used in this paper has a large surface area and a thin plate thickness, the deformation
and elastic vibration of the plate itself affect the levitation performance. It has scientific
significance because there are no examples of the levitation target for thin steel plates
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with a large area, and there are no examples of magnetic levitation under the influence of
the deformation and elastic vibration of the levitation target. In previous studies, it was
confirmed that the levitation performance was improved by bending the steel plate and
performing magnetic levitation [23,24]. In addition, it was confirmed that the levitation
stability was improved by bending the steel plate to perform magnetic levitation even
when the disturbance was input to the magnetic levitation system [25]. However, since
only one type of plate thickness was examined, in this study, we used a steel plate with a
thickness different from that of the previous research and experimentally investigated the
bending levitation performance under disturbed conditions.

2. Bending Levitation System

Figure 1 presents the electromagnetic levitation control system considered in this
study. Figure 2 presents a schematic of the experimental apparatus. Figure 3 presents a
photograph of the bending magnetic levitation system (overall view). Figure 4 presents a
photograph of the bending magnetic levitation system (side view). The levitation object
is a rectangular zinc-coated steel plate (SS400) of length a = 800 mm, with a width of
b = 600 mm, and thickness of h = 0.24 mm. The steel plate is levitated by five electromagnet
units, and the displacement of the steel plate is measured by five eddy current gap sensors.
The electromagnet units are tiltable mechanisms, allowing the steel plate to be bent and
levitated. Figure 5 presents a photograph of an electromagnet angle, where the tilt angle
of the electromagnet is defined as the electromagnet angle θ. Figure 6 presents how the
steel plate levitates based on the electromagnetic unit inclination angle θ. Even if θ changes,
the surrounding electromagnet units adjust their horizontal positions based on the natural
deflection shape of the steel plate such that the position at which the attractive force acts
on the steel plate is constant. Additionally, the central electromagnet unit is moved in the
vertical direction according to the desired degree of curvature of the thin steel plate. The
vibrator shown in Figure 7 was attached below the three frames on which the electromagnet
unit was installed. Previous research has confirmed that an electromagnet angle of 8◦ is the
optimum electromagnet angle when bending a steel plate with a thickness of 0.24 mm for
magnetic levitation [24]. The electromagnet units were vibrated up and down by a vibrator.
An eddy current gap sensor measured the displacement of the frame during vibration
excitation. Magnetic levitation was possible by applying parameters to the proposed control
model even if the physical properties of the levitation object (magnetic material) changed.

Modeling of Steel Plate

In this research, the one—degree—of—freedom model with a simple design is applied as
a model of a steel plate. In the one-degree-of-freedom model, the displacement, velocity, and
electromagnet coil current value detected by each electromagnet unit are feedback controlled
only for that electromagnet unit. Therefore, as shown in Figure 8, the steel plate is divided
into five virtual masses, and each is modeled as a lumped constant system. The electromagnet
coil current value is measured using the resistance part, as shown in Figure 9. In addition, the
power is supplied to one electromagnet unit by one amplifier, as shown in Figure 10.
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Figure 1. Electromagnetic levitation control system. 
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Figure 1. Electromagnetic levitation control system.
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Figure 2. Schematic illustration of the experimental apparatus. 

  

Figure 2. Schematic illustration of the experimental apparatus.
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Figure 3. Photograph of the bending magnetic levitation system (overall view). 

  

Figure 3. Photograph of the bending magnetic levitation system (overall view).
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Figure 4. Photograph of the bending magnetic levitation system (side view). 

  

Figure 4. Photograph of the bending magnetic levitation system (side view).
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Figure 5. Photograph of an electromagnet angle. 

  

Figure 5. Photograph of an electromagnet angle.
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Figure 6. Relationship between the tilt angle of the electromagnets θ and the shape of a steel plate. 

  

Figure 6. Relationship between the tilt angle of the electromagnets θ and the shape of a steel plate.



Vibration 2022, 5 822

Vibration 2022, 5,   9 
 

 

 

 
Figure 7. Photograph of the vibrators and frames. 
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Figure 8. Theoretical model of levitation control. 
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Figure 9. Photograph of the resistance part. 

  

Figure 9. Photograph of the resistance part.
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Figure 10. Photograph of the amplifier. 

If the steel plate is levitated by the static attraction force from the electromagnet unit, 
there is an equilibrium state Z0 that can be maintained at a constant distance. Assuming 
that the displacement in the vertical direction is zn, the equation of motion is as follows. 
In all the symbols, the subscript n indicates No. one—five of the electromagnet unit (n = 
1~5). 𝑚୬𝑧ሷ୬ = 2𝑓୬ (1) 

Here, mn is the mass of the steel sheet, and the mass m is divided into five virtual (kg), 
where fn is the attractive force per electromagnet (N). The equations for the attractive force 
of the electromagnet and the current flowing through the electromagnet coil obtained by 
linearization approximation are as follows. 𝑓୬ = 𝐹୬𝑍଴ 𝑧୬ + 𝐹୬𝐼୬ 𝑖୬ (2) 
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The inductance Ln (H) of the coil per electromagnet in the equilibrium levitation state 
is expressed as follows. 𝐿୬ = 𝑘ୣ୫𝑍଴ + 𝐿୪ୣୟ (4) 

Here, Fn is the constant attractive force generated from the two electromagnets of 
each electromagnet unit (N), Z0 is the distance between the surface of the electromagnet 
unit and the surface of the steel plate in the equilibrium state (m), In is the steady current 
of the electromagnet coil in the equilibrium state (A), in is the fluctuation value from In (A), 
Ln is the inductance per electromagnet coil in an equilibrium state (H), Rn is the resistance 
value of the electromagnet (Ω), vn is the electromagnet coil fluctuation value from the 
steady voltage (V), kem is the induction that effectively acts on the steel plate per electro-
magnet (Hm), and Llea is the leakage magnetic flux per electromagnet (H). Using the dis-
placement zn, velocity 𝑧ሶ௡, and current of the steel plate as state variables, Equations (1) to 
Equation (4) are rearranged to obtain the following equation of state. Figure 11 shows a 
block diagram of the control system. 𝒛ሶ ୬ = 𝑨୬𝒛୬ + 𝑩୬𝑣୬ (5) 𝒛୬ = ሾ𝑧୬ 𝑧ሶ୬ 𝑖୬ሿ் (6) 

Figure 10. Photograph of the amplifier.

If the steel plate is levitated by the static attraction force from the electromagnet unit,
there is an equilibrium state Z0 that can be maintained at a constant distance. Assuming
that the displacement in the vertical direction is zn, the equation of motion is as follows. In
all the symbols, the subscript n indicates No. one–five of the electromagnet unit (n = 1~5).

mn
..
zn = 2 fn (1)

Here, mn is the mass of the steel sheet, and the mass m is divided into five virtual (kg),
where f n is the attractive force per electromagnet (N). The equations for the attractive force
of the electromagnet and the current flowing through the electromagnet coil obtained by
linearization approximation are as follows.

fn =
Fn

Z0
zn +

Fn

In
in (2)

d
dt

in = − kem Iz

LnZ2
0

d
dt

zn − Rn

2Ln
in +

1
2Ln
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The inductance Ln (H) of the coil per electromagnet in the equilibrium levitation state
is expressed as follows.

Ln =
kem

Z0
+ Llea (4)

Here, Fn is the constant attractive force generated from the two electromagnets of each
electromagnet unit (N), Z0 is the distance between the surface of the electromagnet unit
and the surface of the steel plate in the equilibrium state (m), In is the steady current of the
electromagnet coil in the equilibrium state (A), in is the fluctuation value from In (A), Ln is
the inductance per electromagnet coil in an equilibrium state (H), Rn is the resistance value
of the electromagnet (Ω), vn is the electromagnet coil fluctuation value from the steady
voltage (V), kem is the induction that effectively acts on the steel plate per electromagnet
(Hm), and Llea is the leakage magnetic flux per electromagnet (H). Using the displacement
zn, velocity

.
zn, and current of the steel plate as state variables, Equations (1) to Equation (4)

are rearranged to obtain the following equation of state. Figure 11 shows a block diagram
of the control system.

.
zn = Anzn + Bnvn (5)

zn =
[
zn

.
zn in

]T

An =

 0 1 0
2Fn

mnZ0
0 2Fn

mn In

0 −Kem In
LnZ2

0
− Rn

2Ln


Bn =

[
0 0 1

2Ln

]T

(6)
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Figure 11. Block diagram. 

The feedback gain was determined by the optimum control theory as previously re-
ported [23]. The feedback gain 𝑭ୠ is shown in Table 1. 

Table 1. Feedback gain. 
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To identify the frequency band of random noise representing disturbance conditions, 

experiments were carried out by applying pulse wave vibrations to the frames on which 
the electromagnets were attached. The resonant frequency of the steel plate was obtained 
from the spectra measured by the displacement sensors. Figure 12 presents the time series 
displacement of vibrating frames excited by a pulse disturbance. The resonance frequency 
of the magnetic levitation steel plate is defined as the frequency at which the displacement 
spectrum shown in Figure 13 has the maximum value. The maximum amplitude value for 
the electromagnet is 0.049 mm, and the frequency at which the maximum amplitude is 
obtained is 6.5 Hz, which is defined as the resonant frequency. Therefore, it was confirmed 
that the resonant frequencies at θ = 0–13° existed in the band from 0 to 10 Hz. 

Figure 11. Block diagram.

The feedback gain was determined by the optimum control theory as previously
reported [23]. The feedback gain Fb is shown in Table 1.

Table 1. Feedback gain.

Electromagnet Number Displacement Velocity Current

1~4 6555.7 97.9 32.1
5 8084.1 120.7 32.0

3. Levitation Experiment under Pulse Disturbances

To identify the frequency band of random noise representing disturbance conditions,
experiments were carried out by applying pulse wave vibrations to the frames on which
the electromagnets were attached. The resonant frequency of the steel plate was obtained
from the spectra measured by the displacement sensors. Figure 12 presents the time series
displacement of vibrating frames excited by a pulse disturbance. The resonance frequency
of the magnetic levitation steel plate is defined as the frequency at which the displacement
spectrum shown in Figure 13 has the maximum value. The maximum amplitude value
for the electromagnet is 0.049 mm, and the frequency at which the maximum amplitude is
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obtained is 6.5 Hz, which is defined as the resonant frequency. Therefore, it was confirmed
that the resonant frequencies at θ = 0–13◦ existed in the band from 0 to 10 Hz.
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Figure 12. The time series of frame displacement data for a pulse disturbance. 

  

Figure 12. The time series of frame displacement data for a pulse disturbance.

Vibration 2022, 5,   15 
 

 

 

 
Figure 13. Bending levitation results when vibrating the frames using pulse disturbances (θ = 8°). 

4. Levitation Experiment under Random Disturbances 
Since the magnetic field changes with the square of the distance between the electro-

magnet and the steel plate, the vibration of the steel plate affect the levitation stability. 
Therefore, it is necessary to evaluate the vibration of the steel plate. In order to evaluate 
the levitation performance, the displacement standard deviation was calculated from the 
time series of the displacement measured by the displacement sensor. This indicates the 
magnitude of vibration in the steel plate. Random disturbances in the frequency range 
from 0–10 Hz were imposed on all three frames, as shown in Figure 2, and an evaluation 
of the levitation was performed by comparing the standard deviation of the displacement 
for each electromagnet angle. Figure 14 presents the time series displacement of vibrating 
the frames using random disturbances. Figure 15 presents the relationship between the 
standard deviation of the displacement measured at the No. 1 electromagnet unit shown 
in Figure 1 and the electromagnet angle in cases with and without disturbances. From 
Figure 15, compared to the case without disturbances, one can see that the standard devi-
ation of the displacement increased in the presence of disturbances and that the vibration 
of the steel plate also increased. Additionally, when the electromagnet angle increases, the 
standard deviation of the displacement of the steel plate decreases, and the vibration is 
suppressed. One can see that the standard deviation of the displacement is the lowest at 
the electromagnet angle of θ = 8° and that the vibration is heavily suppressed. However, 
if the angle of the electromagnet increases to more than θ = 8 °, the standard deviation of 
the displacement increases, and the vibration tends to increase. 

Figure 13. Bending levitation results when vibrating the frames using pulse disturbances (θ = 8◦).

4. Levitation Experiment under Random Disturbances

Since the magnetic field changes with the square of the distance between the elec-
tromagnet and the steel plate, the vibration of the steel plate affect the levitation stability.
Therefore, it is necessary to evaluate the vibration of the steel plate. In order to evaluate
the levitation performance, the displacement standard deviation was calculated from the
time series of the displacement measured by the displacement sensor. This indicates the
magnitude of vibration in the steel plate. Random disturbances in the frequency range
from 0–10 Hz were imposed on all three frames, as shown in Figure 2, and an evaluation
of the levitation was performed by comparing the standard deviation of the displacement
for each electromagnet angle. Figure 14 presents the time series displacement of vibrating
the frames using random disturbances. Figure 15 presents the relationship between the
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standard deviation of the displacement measured at the No. 1 electromagnet unit shown
in Figure 1 and the electromagnet angle in cases with and without disturbances. From
Figure 15, compared to the case without disturbances, one can see that the standard devia-
tion of the displacement increased in the presence of disturbances and that the vibration of
the steel plate also increased. Additionally, when the electromagnet angle increases, the
standard deviation of the displacement of the steel plate decreases, and the vibration is
suppressed. One can see that the standard deviation of the displacement is the lowest at
the electromagnet angle of θ = 8◦ and that the vibration is heavily suppressed. However, if
the angle of the electromagnet increases to more than θ = 8◦, the standard deviation of the
displacement increases, and the vibration tends to increase.
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Figure 14. Time series data of vibrating frame displacement under random disturbances. 

  

Figure 14. Time series data of vibrating frame displacement under random disturbances.

5. Conclusions

In this study, we conducted experiments on levitation performance when an electro-
magnet was vibrated in a bending levitation system using the steel plate whose thicknesses
were different from the previous study. From the experimental results, it is confirmed that
the steel plate can be levitated stably at a tilt angle which is estimated by an analytical
method, and the optimal angle is constant even when the disturbance was input or not.
Furthermore, we determined that it is possible to achieve stable levitation in the presence
of external disturbances when levitating a steel plate at the optimal bending angle. These
obtained results can be expected to find optimal levitation parameters using analytical
methods even if the size of the steel plate, for example, the width, length, and thickness,
changes. In the future, based on the results of this study, we would like to ensure a higher
levitation performance in order to apply the bending magnetic levitation system to the steel
plate transfer process. In addition, the electromagnet used in this paper has a wire diameter
of 0.5 mm and 1005 turns, but the inductance varies depending on the specifications of the
electromagnet. Therefore, we plan to investigate the effect on the steel plate vibration when
the specifications of the electromagnet are changed.
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Figure 15. The relationship between the standard deviation of displacement and the electromagnet 
angle in cases with and without disturbances. 

5. Conclusions 
In this study, we conducted experiments on levitation performance when an electro-
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nesses were different from the previous study. From the experimental results, it is con-
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