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Abstract: When an ultrathin and flexible steel plate is to be levitated, levitation control becomes
difficult because the ultrathin steel plate undergoes increased flexure. We herein propose a levitation
method for an ultrathin steel plate that is bent to an extent that does not induce plastic deformation.
In this study, to investigate the levitation stability of an ultrathin steel plate, we applied disturbance
cancellation control in the bending levitation system. The object of electromagnetic levitation was
a rectangular zinc-coated ultrathin steel plate (55400) of length 800 mm, 600 mm, and thickness
0.19 mm. The vibrator was attached below the three frames, in which the electromagnet unit was
installed so that the frames could be vibrated up and down. We conducted experiments on the
levitation performance when the electromagnet was displaced by the frame vibration in the bending
levitation system. The results showed that a stable levitation can be achieved even with an input of
external disturbance when levitating at the optimum bending angle.

Keywords: electromagnetic levitation; bending levitation control; ultrathin steel plate; optimal control;
disturbance cancellation control

1. Introduction

Recently, magnetic levitation technology that is capable of gripping and conveying objects
in a non-contact manner has attracted attention, and active studies that use the characteristics of
magnetic force, such as the electromagnetic suspension and induction repulsion methods, have been
performed [1—4]. Thin steel plates are widely used as materials for automobiles, electric appliances,
cans, and other products in current industries. With various industrial demands, the surface quality of
steel plates continues to be enhanced. However, since a contact conveyance using rollers is mainly
adopted in the process of a thin-steel-plate production line, the problem of surface quality deterioration
still remains. It is expected that magnetic levitation technology can be applied to thin steel plate
production processes, which require high surface quality. However, elastic vibration is induced because
of the flexibility arising from the plate thickness and area; therefore, the stability at the time of levitation
is significantly impaired. Prior research has indicated the size of the objective steel plate to be relatively
small, and no successful report has been made on a stable noncontact conveyance system of a very thin
steel plate, despite the increasing demand in the recent years [5,6]. In the past, our research group has
constructed an electromagnetic levitation control system in which the relative distance between the
electromagnet and a steel plate was maintained, aimed to prevent the steel plate from falling from the
conveyor or contacting the electromagnet during electromagnetic levitation conveyance. Furthermore,
we have proposed a method of levitating a thin steel plate with a thickness of less than 0.3 mm by
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moderately bending it beforehand [7-9]. This levitation method is a way of bending levitation within
a range, not to plastically deform the steel plate, and the steel plate used in the experiment is a flat steel
plate. The levitation stability was improved by bending and this subsequent stability was maintained
through the input of external disturbances, such as control current or vibrating the frame where the
electromagnet unit was installed [10]. However, the bending levitation system cannot obtain the same
levitation stability as when no disturbance is present. In this study, we experimentally examine the
bending levitation performance, in which disturbance cancellation control is applied to the bending
levitation system.

2. System for Control Experiment

Figure 1 shows the electromagnetic levitation control system. Figure 2 shows a schematic illustration
of the experimental apparatus. Figure 3 shows a photograph of the electromagnet. Figure 4 shows
an electromagnet angle 6. Figure 5 shows a photograph of the experimental apparatus.

Table 1 shows eddy-current gap sensors. Table 2 shows the specifications of A/D and D/ A converters
used for experiments. Table 3 shows the specifications of amplifier. The object of electromagnetic
levitation is a rectangular zinc-coated steel plate (55400) of length a = 800 mm, width b = 600 mm,
and thickness & = 0.19 mm. To accomplish the noncontact support of a rectangular ultrathin steel plate
using five pairs of electromagnets (Nos. 1-5), as if the plate were hoisted by strings, the displacement
of the steel plate (z1—z5) was measured by five eddy-current gap sensors. Among the five pairs of
electromagnets, four pairs at the corners were inclined and a central electromagnet was moved in the
vertical direction. In addition, the distance between the surface of the electromagnets and the steel
plate was controlled at 5 mm, even when 6 was changed. Thus, by moving the five electromagnets,
the bending magnetic levitation of the steel plate was possible. Here, 6 is defined as an electromagnet
angle. The coil current (i;—i5) is detected from the external resistance for measurement.
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Figure 1. Electromagnetic levitation control system.
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Figure 3. Photograph of an electromagnet.

Figure 4. Electromagnet angle.
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Figure 5. Photograph of the experimental apparatus.

Table 1. The specification of five eddy-current gap sensors.

Measurement range 0-15 mm
Straightness +1% of ES
Degradability 0.03% of ES
Responsiveness DC-10 kHz (-3 dB)

Table 2. The specification of A/D converter and D/A converter.

A/D Converter D/A Converter
Input voltage range +10V Output voltage range 10V
Resolution 12 bit Resolution 12 bit
Conversion time 3 us/ch Conversion time 5 us/ch

Table 3. The specification of an amplifier.

Output voltage +20V
Output current +55A
Frequency range 2-3 kHz

The vibrator shown in Figure 6 was attached below the three frames on which the electromagnet
unit was installed, such that the frame could be vibrated up and down. Table 4 shows the specifications
of the vibrator. After adjusting the amplitude and the phase of the frame to be constant using a sine
wave of constant frequency, the steel plate was levitated while the frame was vibrating. In each frame,
an eddy-current gap sensor was installed and the displacement of the frame during excitation was
measured as (w;—ws). In this system, the sampling frequency was 1000 Hz.
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Figure 6. Photograph of the vibrator.

Table 4. Specifications of the vibrator.

Maximum excitation force 10 kgf + 5%
Maximum acceleration 28G £5%
Frequency range 3 Hz-13 kHz
Maximum input current 55A £5%
Maximum speed 1.77m/s
Maximum amplitude 10 mm

3. Equation of Motion

The vibrations of the steel plate include translation, roll, pitch, twist and elastic vibration. It is
considered that these vibrations affect displacement of the steel plate at the sensor position. In this
study, we considered that it was enough to levitate the steel plate when each electromagnet units
controlled the gap exactly. Therefore, we adopted a one degree-of-freedom model. Figure 7 shows one
degree-of-freedom model of levitation control of the steel plate. In this model, independent control
is performed, in which the information on the detected values of displacement, velocity and coil
current of the electromagnets under study at one position is fed back only to the same electromagnet.
The steel plate is divided into five hypothetical masses and each part is modeled as a lumped constant
system. In an equilibrium levitation state, the magnetic forces are determined to balance with gravity.
The equation of motion around the equilibrium state of the steel plate subjected to magnetic forces is

expressed as:
d2
mzﬁz(t) =2f,(t) (1)

Here, m,: mass obtained by dividing the steel plate virtually into five [kg], z: displacement from
the equilibrium levitation position of the steel plate [m], and f,: variation value of the attractive force
per electromagnet [N].

The distance between the electromagnet and the steel plate is defined as Z = z(t) — w(t).
Then, a component Lq¢/Z in inverse proportion to the distance Z and a component Lj, corresponding
to the leakage of the magnetic flux are added and approximated to obtain an inductance L per
electromagnet as shown in the following equation:
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Figure 7. One degree-of-freedom model of levitation control of the steel plate.
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The relational expression between the voltage applied to the electromagnet V, and the current
I, flowing through the coil is expressed by the following equation when the resistance of the
electromagnet coil is R;.

VAZ D) = Rl + S {L(Z)L) )

When Taylor expansion is performed in the vicinity of the equilibrium point (Zy, I,), the fluctuation
value v, from the stationary voltage applied to the electromagnet coil is expressed by the following equation:

I, d

) d.
U, = Ryiz + L;— i, — Leffziéa

- (2(t) - w(t)) @)

However, L, is the inductance of the electromagnetic coil in the equilibrium levitation state, and it
is assumed that it can be expressed by the following equation:

L
L= 2"+ Liey (5)
0

The equations relating to the electromagnet attractive force and the current concerning the current
flowing in the electromagnet coil, which have undergone the linearization approximation, are as follows:

E,

folt) = 22 (2(0) = w(t)) + 1ia(t) ©)
a. Legel, d R, . 1
a7 = 7, 72 g0 —w(0) = i) + g o) ?)

Here, F: total value of the static attractive forces generated from both electromagnets pairs in
the equilibrium levitation state [N], Zy: gap between the electromagnet surface and the steel plate
surface in the equilibrium levitation state [m], w: displacement of the frame, I,: steady state current for
obtaining static attraction force [A], i,: variation value of the current flowing through the electromagnet
coil [A], Legs/ Zg: effective inductance per electromagnet [H], Ljo,: leakage inductance per electromagnet
[H], L,: inductance of the electromagnetic coil in the equilibrium levitation state [H], R: total resistance
value of the electromagnet coil of the pair [(Y], v,: fluctuation value from the stationary voltage applied
to the electromagnet of the pair [V].
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4. State Equation

The absolute displacement of the steel plate, absolute speed, the current flowing in the
electromagnet coil, displacement of frame and speed are adopted as state variables. Subsequently,
we summarize Equations (1) and (5)—(7) and obtain the following state equation:

z=A,z+ B,v, +d,w (8)
However,
z=[z z i) ©)
0 1 0

2FZ 0 &

AZ = myZy myly,
0 _Lett I, Ry (10)

Ly Z% 2L,

0 0
F,
d,=| “mzun O (11)
Legs I,
0 T

5. Control Theory

5.1. Optimal Control

In this study, a control system is constructed using a discrete time system; therefore, the evaluation
function of a continuous system is digitized, and the control law is obtained based on the optimal
control of the discrete time system [11].

N-1
J=(1/2) Y {z"(k)Qz(k) +u" (k)Hu(k)} (12)
k=1

where Q is a semi-regular matrix and H is a regular matrix. The feedback control input at this time is
as follows:

02 = [forr fozd, foilz (13)
where f,,, fo.4, and fy; are the feedback gains for the displacement, speed, and current, respectively,
in the levitation control. Weighting coefficients are as follows.

Q = diag [1.394 %105, 1.0 x 1071, 0.2 x 10, 40.0 x 10'°, 40.0 x 1010} (14)

H=05x10"2 (15)

The weighting factor at the time of creating the feedback gain was searched by trial and error
and determined so that the displacement standard deviation for each control theory is equal when the
electromagnetic angle 6 = 0° in a state where without disturbance.

5.2. Disturbance Cancellation Control

Because the current feedback is performed, it is assumed that the temporary delay characteristic
of the electromagnet coil is almost negligible. When the delay of the current due to the inductance is
small, Equation (7) can be approximately expressed by the following equation.
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v,(t) = R,iy (1) (16)

Here, for the vibration isolation of the frame displacement w(t) in Equation (6), the control input of
the disturbance cancellation control using the optimum control is obtained by the following equation:

Vzdc(t) = —[fozs fords foilz+feyw(t) (17)

Because the control voltage v,4.(t) is equal to v,(t) in the equilibrium levitation state, the control
current 7,(t) can be expressed by Equations (16) and (17), expressed cumulatively as follows:

_ —fuaE(t) = fozaz(t) + frww(t)
Rz + foi

i7(t) (18)

By substituting Equation (18) into Equation (6), the fluctuation component f,, the absolute
displacement z(t) of the steel plate, and the absolute velocity z() of the attractive force applied to the
steel plate in the equilibrium state as the control object, are 0, and the feedforward gain fi,, is expressed

by the following equation:

. IZ(RZ +fbi)
fow = 7 (19)

6. Levitation Experiment

We conducted preliminary experiments as a set of disturbances, assuming actual usage
environment. We measured the resonance frequency of the steel plate as the most severe to the steel
plate. Additionally, we set the vibration of the disturbance to be the band containing the resonance
frequency (0-10 Hz) of the steel plate. We conducted experiments to make the steel plate (thickness
0.19 mm) bending levitation under disturbance conditions [10]. As a result, it was found that the
levitation performance is the best at the electromagnet angle of 13°. In this report, to compare the control
method with previous studies, the experiment was conducted at the electromagnet angle of 0° and 13°.

A random external disturbance in the frequency range between 0 and 10 Hz was added to
all frames, and the levitation performance was evaluated by comparing the standard deviation of
the displacement and levitation probability for each electromagnet angle. The standard deviation
of the displacement was measured 10 times for each electromagnet angle, and the average values
of these results were used as the experimental value. To eliminate the influence of the transient
state, measurements were performed approximately 10 s after the start of levitation. The levitation
probability is considered successful when it continues for at least 30 s and the levitation performance
is calculated as a percentage of successful levitations among 50 trials.

Figure 8 shows the time history of displacement and amplitude spectral of the vibrating frames by
the random disturbance. Figure 9 shows the time history of displacements and amplitude spectrums
of the bending levitation resulting when vibrating the frames by the random disturbance: (a) optimum
control (b) disturbance cancellation control. From Table 5, although the standard deviation of
displacement of the steel plate was 0.129 mm when using the optimum control, it was 0.092 mm
when using the disturbance cancellation control, a reduction of approximately 30%. Figure 9 shows
that the peak near 10 Hz in the optimum control was significantly reduced by using the disturbance
cancellation control. Table 6 shows that the levitation probability is 86% when using the optimal
control and 96% when using the disturbance cancellation control. Thus, the levitation probability was
improved. The results above show that by controlling the vibration transmitted to the electromagnets
using the disturbance cancellation control, the elastic vibration can be suppressed and a stable magnetic
levitation control can be performed.
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Figure 8. Time histories of displacement and amplitude spectrums of vibrating frames by random disturbance.
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Figure 9. Bending levitation result when vibrating frames by the random disturbance (6 = 13°).
(a) Optimal control; (b) Optimal control with disturbance cancellation control.

Table 5. Standard deviation of displacement.

Optimal control 0.129 mm
Optimal control with disturbance cancellation control ~ 0.092 mm
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Table 6. Levitation probability when vibrating frames by the random disturbance (8 = 13°).

Optimal control 86%
Optimal control with disturbance cancellation control ~ 96%

7. Conclusions

In this study, we conducted experiments on the levitation performance when the electromagnet
was displaced by the frame vibration in the bending levitation system. The results showed that a stable
levitation can be established even with an input external disturbance when using the disturbance
cancellation control. In the future, we intend to conduct bending levitation experiments to verify the
effectiveness of the bending levitation system when using other plate thicknesses and different control
methods in the vibrating frame.
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