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This work demonstrates the design and development of a magnetic levitation
(MagLev) system that is able to control both the position and orientation of the

levitated object. For the position control, a pole placement method was exploited
to estimate parameters of the proportional integral derivative (PID) controller.
In addition, the Maglev was constructed using a pair of electromagnets, two
infrared (IR) receiver-emitter pairs and a servo motor to allow the orientation of
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1. INTRODUCTION

Magnetic levitation (MagLev) is technique to hold an object aloft by continually adjusting the strength
of magnetic field produced by electromagnets. The role of the electromagnets is to generate a time-varying
magnetic field that can either attract the object from above or repulse the object from below. MagLev technol-
ogy is used to eliminate mechanical contact in order to alleviate friction between stationary and active parts
in the system, which can eventually reduce maintenance costs and increase efficiency. The technology has at-
tracted a wide field of applications such as high-speed trains [1]-[3], mineral measurement methods [4], plastic
shrinkage void detection [5], energy harvesting [6], [7], and disease diagnostics [8]-[10].

In order to levitate an object using electromagnetic force, a feedback loop is typically present. In
this case, a sensor is used to locate the object and transmit the data to the controller, which is in charge of
controlling the current flowing through the coil. An electromagnet force is then generated to keep the object
levitating in the desired location. As is extensively discussed in the literature, controlling the object’s position
is a challenging task as the MagLev system is inherently nonlinear and unstable. Plus, the equilibrium position
is greatly influenced by uncertainties of the proximity sensors and magnetic field strength [11], [12]-[14]. In
some cases where the uncertainties are large but statistical such as those used in high-speed trains, Gaussian
process is required to extract the dynamic properties of the systems [15]-[17].

Various control methods have been proposed to stabilize the system such as proportional integral
derivative (PID) [18], linear quadratic regulator (LQR) [19], and sliding mode control (SMC) [20], [21]. Nev-
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ertheless, parameterization of the controllers has always been a great challenge as many modern optimal control
techniques are either not directly applicable to unstable systems [22] or require perfect knowledge of the state
variables. An alternative method using grey wolf optimization is proposed in [23] to obtain optimal parameters
for PID and SMC. In another work presented in [24], both ant colony optimization and the Ziegler—Nichols
tuning method are used to parameterize the PID controller. Nonlinear control methods such as fuzzy logic
(FL) [25], [26] and neural network (NN) [27]-[29] can be advantageous due to their adaptive and self-learning
capabilities. In [30]-[32] for instance, the PID and FL are combined to form a Fuzzy-PID controller to improve
the Maglev’s position control performance. Tang et al. [26] proposed an NN compensation control method
based on fuzzy inference to reduce the overshoot of the position control system. Rubio et al. [33], the NN
is used not only to control the position, but also to model the MagLev. Despite the aforementioned advan-
tages, applications of nonlinear control methods will increase the complexity of the closed-loop which can
consequently drive the system to the unstable state when perturbed.

While many control strategies have been suggested in previous studies, most of them are either limited
to simulations or are only applicable for position control. To the best of the authors knowledge, controlling
the orientation of the levitated object remains underexplored, although it is equally crucial particularly in mi-
croautomation such as orienting objects for assembly, sorting and positioning components in a 3D space [34],
and mask and optical system alignment in semiconductor manufacturing [35]. In this work, we demonstrate
the design and development of a Maglev system that is able to control both the position and orientation of the
levitated object. For the position control, a pole placement method was exploited to estimate parameters of
the PID controller. In addition, the Maglev was constructed using a pair of electromagnets, two infrared (IR)
receiver-emitter pairs and a servo motor to allow the orientation of the object to be controlled. The proposed
controller was programmed in a LabVIEW environment, which was then compiled and deployed into an em-
bedded NI myRIO board. Experimental results demonstrated that the proposed method was able to achieve a
zero steady-state orientation error when the object was rotated from 0° to £90°, a steady-state position error
of 0.3 cm without rotation, and steady-state position errors of no greater than 1.2 cm with rotation.

2. METHOD
2.1. MagLev architecture

The proposed structure of the MagLev is shown in Figure 1. It consists of an NI myRIO as the main
controller, a servo motor holding two separate electromagnets, an amplifier to provide sufficient voltage for
each electromagnet, and an infrared emitter-receiver pair (IR LED and IR photodiode) to measure the position
of the levitated object. The proposed structure does not just allow both the control of position and orientation
of the levitated object, but also prevents unnecessary self-rotation.
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Figure 1. Proposed structure of the Maglev system
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The schemetic diagram of the MaglLev is depicted in Figure 2 which was designed in NI Multisim
software. To power the electromagnets, a 12 V voltage is required. Therefore, an amplifier is required to
amplify the 5 V output from the myRIO board. The amplifier consists of a non-inverting op-amp with the
amplification gain of 2.4, followed by a unity current buffer as shown in Figure 2(a).

Figure 2(b) shows the circuit for the sensing part where each IR sensor is connected to analog input
pin of the myRIO. For the orientation control, a servo motor is connected to DIO3/PWMO pin of the MSP
connector C as shown in Figure 2(c). Figure 3 depicts the actual MagLev system; the servo motor is mounted
on top of the structure, while the electromagnets and the sensors are mounted on a platform that the servo motor
holds. The amplifier and sensor circuits are built on the breadboard as shown at the bottom part of the figure.
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Figure 2. Schematic layout of (a) the MagLev system which consists of an amplifier circuit, (b) a sensor
circuit, and (c) a servo motor which are all connected to an embedded NI myRIO board
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Figure 3. The MagLev system built in this study

2.2. Position control

To levitate the object to its equilibrium position, a correct amount of voltage is required to be supplied
to the electromagnet. Figure 4 illustrates the experiment conducted to find the equilibrium position of the object
(Figure 4(a)) and the LabVIEW VI (Figure 4(b)) where x denotes the distance from the IR emitter-receiver pair.
In this study, the target object is of cuboid shape with dimension 10 X 5 x 2.5 cm. The mass of the object is
23.7 g. The outputs of both the sensors are connected to the myRIO analog input, AI0 of connector ports A
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and B. To measure and obtain the relationship between the object’s position and the voltage from the sensors,
a LabVIEW program is developed to log the data as depicted in Figure 4(b). The voltages of the sensors are
recorded as the object is moved away from x = 0.001 to x = 0.02 m at a step of 0.001 m.
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Figure 4. Illustration on the method to identify the equilibrium position where
(a) show experimental setup and (b) show block diagram of the LabVIEW VI

2.3. Orientation control

For the orientation control of the levitated object, the servo motor input is connected to a pulse-width
modulation (PWM) channel with a frequency set at 50 Hz. However, it needs to be calibrated to nullify the
offset reading from the servo motor input, ¥,, which is —10 in this case. To calibrate it, the VI is run and the
position is adjusted until the platform that the servo motor is attached to, which is defined as the orientation,
becomes 0° relative to the plane. After the 0° is achieved, the position is recorded and set as the offset. A similar
procedure is performed when the orientation is changed from —90° to +90°. The line of best fit relating y,, to
the orientation 6 is obtained as (1):

yp = 0.00146% +2.061160, 6 € [—90, 90] (D)

based on (1), the LabVIEW program is constructed as depicted in Figure 5 which shows the block diagram
(Figure 5(a)) and the front panel (Figure 5(b)). The corresponding PWM and duty cycles are displayed on the
front panel when the desired orientation is specified.
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Figure 5. LabVIEW VI program for the orientation control of the MaglLev
(a) the block diagram and (b) front panel

2.4. Feedback control

As the MagLev system is inherently nonlinear, a linearization at its equilibrium point has to be done in
order to implement a feedback control system. From the preliminary experiment in section 2.2, the following
equations are attained by applying a curve fitting method between z = 0.009 and x = 0.011 m, which are
identified the equilibrium range of the system.

Vi = —5.52+3.82; Vo = —5.4z + 3.84. 2)
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By setting o = 0.01 m as the equilibrium position, the reference voltages for V; and V5 obtained
are 3.27 and 3.3 V respectively. To better visualize the motion of the levitated object, the relative values of
and V5, denoted as V1 and Vo, are used whose values are zero when the levitated object is at the equilibrium
position. Therefore, V1 and Vs will fluctuate between negative and positive values when the levitated object
fluctuates about the equilibrium position.

Let i¢ be the corresponding current when the object is at g, and Ly be the additional inductance
contributed by the presence of the levitated object at the equilibrium position. Figure 6 illustrates the structure
of the linearized MagLev in a closed-loop with controller G.(s). The parameters of the MagLev are defined
in Table 1 which are based on measurements and calculations. By taking V; as the system’s output, and the
voltage supplied to the electromagnet, V;,,, as the system’s input, the open-loop transfer function of the Maglev
can be written as (3):

280C'ig

Vs(s)  mLa?
Gyls) = - 0__ 3)

ol Vin(s) (s+§)(s2—%)
L mad
where (4):

¢= Lozxo; L(z) = Ly + 2270, 4)

X

at the equilibrium point, we have L = L; 4+ Lg. Substituting the parameters from Table 1 into (3), we will
obtain (5):

—9975
G = . 5
»(8) = T 185.4) (s —977.9) ®)
let G be a PID controller with the following structure:
ki
Ge(s) =kp + . + kgs (6)

where k,,, k; and k4 correspond to the proportional, integral and derivative gains respectively. The closed-loop
transfer function can then be stated as follows:

T(s) = koGe(s)Gp(s) akq(kps + ki + kqs?)
T T F kaGo(5)Gp(s)  5(5+ D) (52 + c) + aka(kps + ki + kqs?)
akgkqs® + akokys + akyk;

= - 8
st +bs3 + (c + akoka)s? + (be + akoky)s + akgk; ®

)

where a = —9975, b = 185.4, and ¢ = —977.9. A pole placement approach can be employed to tune the PID
parameters by setting the desired characteristic equation as follows:

(s +p1)(s +p2)(s+2Cwns +w2) =0 9

with p1,p2 > 0, a settling time with 2% criterion of no more than 0.3 s, and a damping ratio of at least 0.8.
These specifications will give us the following approximations:

4/Cwn ~ 0.3,45 Cwp ~ 133, - w, ~ 16.625 (10)

since the desired poles will be approximately located at —13.3 4 9.93:, the magnitudes of pi, po must be at
least three times the magnitudes of the desired poles. Expanding (9) gives:

s* 4 [2Cwn +p1 +p2]s® + (W2 +2(p1 +p2)Cwn + P1pa)s® + [(p1 + p2)w? + 2¢wnpip2]s + pipow? = 0. (11)

comparing the left hand side of (11) with the denominator of (8), we can set p; = 80 and py = 79 so that the
characteristic equation becomes:

s +185.65% + 1083052 4 2121005 + 1747000 =0 (12)
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equating the denominator of (8) with the left hand side of (12) gives.

¢+ akoky = 10830; ¢ kg = —0.49 (13)
be+ akok, = 212100; <k, = —16.43 (14)
akok; = 1747000; <> k; = —72.96 (15)

In this work, both IR sensors are fed back, thus two PID controllers are required to compensate for the mis-
matches. The output from the controller, denoted by V;,, = [Vin1 VmQ]T, is then fed to the electromagnets as
depicted in Figure 1.
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Figure 6. Illustration on the Maglev system with feedback control

Table 1. Parameters of the MagLev system

Notation Definition Value Unit
g Gravitational acceleration 9.81 ms—2
m Mass of the target object 0.0237 kg
R Resistance of the electromagnet 72 Q
Ly Inductance of the electromagnet when there is no object levitated 0.05355 H
) Equilibrium position 0.01 m
10 Current at the equilibrium position 0.0833 A
Bo Position to voltage amplification coefficient 33 V/m
C Constant that represents Loxo /2 1.674e3 Hm
Lo Additional inductance contributed by the presence of the levitated object 0.3348 H
ka amplification gain of the op-amp 2.4

3. RESULTS AND DISCUSSION

The simulation results when the proposed PID controller is used are depicted in Figure 7. The step
response in Figure 7(a) demonstrates that the 2% criterion for the settling time is met. Figure 7(b) shows the
PID controller is able to stabilize the system when the initial position of the object is slightly displaced from its
equilibrium position.

To verify the performance of the Maglev experimentally, the transient and steady-state responses
of the system are recorded within the first 3 seconds with different initial conditions. Figure 8 illustrates the
performance when the levitated object is at 0°. The top plots (V4 and V3) refer to the controllers’ outputs before
being amplified to provide the right amount of currents to the electromagnets. The middle and bottom plots
(V1 and Vo) correspond to the voltages from the IR sensors after being offset by 2.5 V; the red and blue lines
refer to the actual and reference values respectively. From the plots, it can be observed that the steady state
errors from V1 and Vi are within +1 V. As £3.3 V corresponds to £1 cm, the steady state voltage error of
+1 V corresponds to a steady state position error of £0.3 cm.
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Figure 7. Simulation results for the MagLev system with the proposed PID controller (a) step response with
the proposed PID controller and (b) time response with the relative voltage, V;, and a initial values at
non-equilibrium position, i.e. 2(0) # z, to resemble the experimental setup
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Figure 8. The transient and steady-state responses of the Maglev when the levitated object is at 0° with

2(0) = 0.02m

Figure 9 demonstrates the performance of the Maglev with the proposed position and orientation
control strategy. The transient and steady-state responses of the Maglev when the levitated object rotates from
0 = 0°to § = 90°, and from 6 = 0° to § = —90° are depicted in Figure 9(a) and Figure 9(b) respectively.
For both cases, the initial position of the object was displaced from its equilibrium position; i.e. at x = —0.02
m for Figure 9(a) and x = 0.025 m for Figure 9(b). In Figure 9(a), the steady-state position error falls within
£0.3 cm after about 2 seconds of motion. Figure 9(b) shows a slightly larger steady-state position error which

might be due to the larger initial displacement.
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Figure 9.

The transient and steady-state responses of the MaglLev when the levitated object rotates from

(a) = 0° to & = 90° and (b) from & = 0° to § = —90°
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The numerical results for the three experiments are recorded in Table 2. From the table, it can be
concluded that the proposed position and orientation control is able to drive the MagLev system to the desired
conditions with steady-state position error of no greater than 1.2 cm. Figure 10 illustrates the experiments
when the object is levitated and moved to § = 0° (Figure 10(a)), 8 = 90° (Figure 10(b)), and § = —90°
(Figure 10(c)).

Table 2. Numerical results from the experiments

Initial condition  Desired final condition Steady-state error
Exp.  x(m) 0(°)  x(m) 0(°) |[Az|(m) |AG|(°)
1 0.020 0 0.01 0 0.003 0
2 -0.020 0 0.01 90 0.003 0
3 0.025 0 0.01 -90 0.012 0

(b)

Figure 10. Illustrations on the experiments when the object is levitated and moved to (a) § = 0°, (b) 6 = 90°,
and (¢) 8 = —90°

4. CONCLUSION

In this work, a Maglev system with position and orientation control has been successfully developed.
Experimental results demonstrated that, with a non-zero initial displacement from equilibrium position, the
proposed method was able to achieve a zero steady-state orientation error when the object was rotated from 0°
to £90°, a steady-state position error of 0.3 cm without rotation, and steady-state position errors of no greater
than 1.2 cm with rotation.

Despite the achievements, the system is dependent on the size of the levitated object, i.e. it may not
be able to work well for other objects with smaller sizes. In order to make the Maglev system more adaptive,
future works will include additional actuators and sensors to form a cascade control loop which allows the
system not just to identify the size of the object, but also modify the gap between the electromagnets in order
to maintain the performance of the position and orientation control strategy. To further reduce the steady-state
position error due to rotations, a state feedback control strategy may need to be employed to additionally control
the current flowing through the coil. This method however requires an additional circuitry to sense the current
and a modification on the control parameters to preserve the stability.
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