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ABSTRACT

Aims: To design a LC tuned circuit to levitate a ferromagnetic material by magnetic
levitation technique.

Study Design: To eliminate the drawbacks of position sensors, self sensing system
needs to be developed. AC excitation with LC tuned circuit was found as an alternative.
To further strengthen the performance of the system, a Z source inverter was designed to
bring back the levitated object to the desired position when it deviated from it.

Place and Duration of Study: The work was carried out in Electrical and electronics
Department of SSN College of Engineering, Chennai, TN, India.

Methodology: A combination of AC excitation and series tuned circuit can be used to
levitate a ferromagnetic object by magnetic levitation technique. The electromagnet forms
the inductive part of a resonating circuit. The circuit is tuned at a frequency less than that
of the exciting frequency. Therefore when the distance between the object and the
electromagnet increases, there is fall in inductance of the lifting magnet, the circuit
approaches resonance and the coil current increases. The magnetic force on the object
increases and the object moves to its desired position. Though the method is simple, for
slow change in coil current the levitated object may move under influence of gravitational
force and come to rest position. Hence a new circuit with Z-source inverter with shoot
through is designed to bring the levitated object to its desired position.

Results: The response of a simple LC tuned magnetic levitation system without any
control circuitry was experimentally obtained. It indicated that the levitated object vibrated
with increasing magnitude of oscillations and hence deviated from desired position.
Hence a Z source inverter with LC tuned circuit as its load and PIC microcontroller to
control the current were designed such that the object is brought back to its desired
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position.

Conclusion: Tuned inductive capacitive magnetic levitation circuit is designed and
implemented. Experimental results show that the LO oscillates around its equilibrium
position. The frequency of these oscillations obtained theoretically and experimentally
does not show large variation. A new circuit with Z-source inverter is designed and
implemented with the tuned circuit. It is observed that when the LO deviates from its
equilibrium position, the circuit is no longer tuned and the voltage across the tuning
capacitor varies. This voltage is used to generate shoot through condition to boost the
excitation of the inverter. The resulting increase in the current produces sufficient force to
pull the LO back to its desired position. Experimental results show that with this new
circuit, the LO vibrates but with much reduced amplitude and hence can be said that the
circuit also nearly damp out the oscillations. The main advantage of the system
developed is it eliminates the sensors and its related drawbacks. Also design of
complicated controllers is eliminated.

Keywords: Magnetic levitation; tuned circuit; Z source inverter; AC excitation.
1. INTRODUCTION

Magnetic levitation is a technique used to maintain non contact surfaces. Because of the
frictionless movement of the moving part it finds applications in the field of high speed
maglev, bearingless motors, clean rooms etc. But the system is highly non linear, open loop
and unstable. Recently lot of efforts has been taken towards the control of magnetic
levitation system. Feedback linearization technique [1,2], fuzzy control [3] adaptive control
[4], sliding mode control [5,6] have been widely used. The design of complicated controllers
can be avoided by using tuned circuits for achieving suspension of objects. This method has
been implemented by many authors [7,8,9,10,11].Self tuning controller for levitation system
with unknown mass variation is also designed [12]. The gain-scheduled controller is also
developed and implemented successfully for engineering applications [13,14,15,16].

In tuned circuit levitators, the electromagnet forms the inductive part of the tuned circuit and
a capacitor is externally added. The LC series circuit is tuned at a frequency slightly less
than that of excitation frequency. If the moving object moves away from the magnet, the fall
in the inductance makes the circuit reach resonance. This increases the current through the
magnet to increase the force exerted on the object and pulls it back to its desired position.
Levitation is thus achieved without feedback control. This suspension cannot be maintained
for long time as the object starts vibrating with low frequency oscillations [17].

To improve the performance of the tuned magnetic levitation system a new tuned circuit
using z-source inverter has been designed here to effectively bring the object to its
equilibrium position. The commonly implemented tuned circuit works well for high L/R ratio.
The lifting coil has inductance of 0.7 h and resistance of 5 ohms. So when the object
deviates from its desired position the increase in the current due to circuit approaching
resonance is strengthened by introducing a z-source inverter. With the movement of the
object the inductance of the coil varies and hence voltage across the tuning capacitor
changes. This change is utilized to produce a shoot through to boost the voltage input of
inverter to increase the current through the coil to produce sufficient force on the object to
bring it to its equilibrium position.
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2. METHODOLOGY AND EXPERIMENTAL DETAILS
2.1 The System

To achieve static stability a capacitor of 50 microfarads is added in series with the inductive
magnet formed by the lifting winding (LW). For Y the distance between the levitated object
and the LW, the LC circuit is tuned for Y’ equal to 0.011 meters. The excitation frequency is
50 Hz. Relation between inductance L; of the lifting coil LW and its distance Y from the
object is given by

Li(y) = axexp(=bxy)+c*exp(—-d=+y) (1)

The force of attraction by the magnet is given by:
1., 2 dL(y)
Fe =3 (i) = d—yy @)

where ‘i’ is the current through the LW winding and dL(y)/dy is differentiation of equation (1)
with respect to y. Though a power series has been widely used by several researchers
[18,19,20] to represent relation between coil inductance and distance of the object from
magnet. The variation in force acting on the object with change in its position is obtained as
in Fig. 1.
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Fig. 1. Force versus displacement

2.2 Analysis of Oscillating Frequency

At equilibrium position the LO vibrates. The frequency of these oscillations (F) is
theoretically found as:
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F - Springconstant = 4.8H (3)
* \ Massof theobject

. dFe
Spring Constant = r =50227

The frequency of oscillations of the suspended object about the equilibrium position for the
tuned LC (inductive capacitive) magnetic levitation system is also experimentally obtained as
shown in Fig. 2. With simple tuned circuit when the object vibrated at its equilibrium position
during experiment, these oscillations were recorded by DSO and are as in Fig. 2. It is
observed that 8 cycles of 50 Hz are there in half cycle of natural frequency as in Fig. 2.
Therefore natural frequency of oscillations observed experimentally is 1/0.320= 3.125 Hz. As
the magnitude of oscillations keep on increasing with time and there are other modes of
oscillations also, measurement of frequency of oscillation with digital storage oscilloscope
(DSO) is not very accurate but its order is however the same as that calculated theoretically.
To minimize the oscillations of the LO and provide sufficient current (which is otherwise less
due to low L/R ratio of the coil), to pull the object to its equilibrium position a new closed loop
control method which uses the voltage change across the tuning capacitor and Z-source
inverter with shoot through is designed.
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Fig. 2. Waveform during vibrations

2.3 New Self Sensing Tuned System

The schematic of the system developed is shown in Fig. 3. An impedance network couples
the inverter main circuit to the power source of 10V. The resonance circuit which consists of
the electromagnetic coil (which acts as the inductor) and a fixed tuning capacitor connected
in series to the coil acts as the load for the Z-Source inverter. With the change in position of
the object to be levitated the inductance value changes which in turn brings about a change
in the voltage across the capacitor. This change in voltage is used to modify the inverter
excitation by using PIC18f4550 microcontroller so as to produce required current to bring the
object to its desired position. The working of the system is described in detail in the following
section.
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Fig. 3. Schematic of the system developed

2.3.1 Z-Source inverter

A Z-source inverter can perform both buck and boost operation depending on the parameter
design and provide wide range of output voltage which is not feasible in conventional voltage
source or current source inverters. The Z-source network has nine permissible switching
states compared to the eight states of the conventional inverter. The extra switching state
arises due to the shoot through state of the network in which two switching devices of the
same leg can conduct simultaneously.

2.3.2 PWM technique for Z-source inverter

There are three PWM (pulse width modulation) techniques for pulse generation of a Z-
source inverter viz; simple boost control, maximum boost control and constant boost control.
Here simple boost control is used to reduce complexity of the circuit. In simple boost control
when triangular carrier wave is greater than the upper envelope or lower than the bottom
envelop, the circuit turns into shoot through state, else acts as traditional PWM. In this work
only upper envelope is used.

2.3.3 Load for the inverter circuit

The electromagnet acts as an inductive (L) part with its internal resistance R and capacitor
(C) of 50 uf connected externally to form the series LCR circuit. The circuit is tuned for the
position of the levitated object at 0.011meters from the electromagnet. When the object is at
its desired position, current flow through the inverter load is due to alternate conduction of
MOS My, My and M;, M,. For the gate pulse to the power switches of the inverter, a
P1C18f4550 microcontroller is implemented. A simple boost control is implemented for the Z-
source inverter. A sine wave is compared with a triangular wave to generate a PWM and
shoot through period is generated when the triangular wave is greater than envelope. The
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envelope is the voltage across the tuning capacitor which varies with the inductance of the
coil as the object deviates from its equilibrium position. With shoot through, excitation
voltage for the inverter is increased. More current flows through the coil and pulls the object
to the desired position. Fig. 4 gives the Simulink model for generating gating pattern for
MOSFET M1, M2, M3 and M4. During normal operation M1 and M4 of Fig. 3 are triggered
simultaneously and conduct and M2 and M3 conduct for the other half of the input cycle.
When the input voltage for the inverter needs to be boosted, shoot through occurs as seen in

Fig. 5 and it is followed by the normal firing of the switches.
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Fig. 4. SIMULINK model for generating gating pattern
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2.4 Experimental Set Up

Fig. 5. Gating pulses of inverter
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To develop the hardware, a symmetrical impedance network consisting of two identical
capacitors and inductors connected in the manner as shown in Fig. 3 is developed. The
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inverter circuit which follows the impedance network consists of four MOSFET switches.
PWM pulses which are obtained from PIC18f4550 processor are given to the gate of the
MOSFET'’s through optocoupler isolation circuit. This circuit offers electrical isolation
between the power circuit and the PIC kit. The PIC microcontroller and the pulses
generated using PIC during the experimental performance is as in Figs. 6 and 7 respectively.

Fig. 6. Pulses from PIC

Fig. 7. Change in pulse width with change in capacitor voltage

The pulse pattern in Fig. 6 is under steady state. When the object deviates from its
equilibrium position the change in voltage across the tuning capacitor result into generation
of shoot through state as obtained in Fig. 7. The excitation voltage of the inverter is boosted
and current through the coil increases to pull back the object. The oscillations of the object
obtained experimentally for the proposed new circuit are shown in Fig. 8. It is observed that
the oscillations are much reduced compared to that of the normal tuned circuit obtained in
Fig. 2. Hence it can be said that the designed new circuit also reduces the oscillations. The
hardware modules are connected as in Fig. 9.
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Fig. 8. Oscillations of LO with Z-source inverter circuit
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Fig. 9. Experimental Set up

3. RESULTS AND DISCUSSION

A magnetic levitation system with an external capacitor in series with electromagnet winding
as an inductor was developed. The LC circuit was tuned for a particular position of the
levitated object. The supply frequency is slightly higher than the resonance frequency to
which the circuit is tuned. If the object is deviated from the desired position the circuit hence
approaches resonance and magnetic force increases to bring the levitated object back to its
initial position. The response of the system showed that the object vibrated with varying
amplitude. To improve the circuit further a Z-source inverter with the electromagnet coil as
an inductor and a capacitor in series as its load was developed. When the object deviated
from desired position, the voltage across the capacitor changed. This change was used to
create a shoot through to manipulate the current so as to produce the required force to bring
the object back to its desired position. A PIC microcontroller was also used to achieve this.
The hardware developed gave satisfactory results. Thus novel idea of introduction of Z
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source inverter with shoot through was successfully implemented for LC tuned magnetic
levitation system. In addition to the tuned circuit, introduction of Z source inverter with shoot
through makes the system respond faster compared to the circuit with only LC tuned circuit.

4. CONCLUSION

Tuned inductive capacitive magnetic levitation circuit is designed and implemented.
Experimental results show that the LO oscillates around its equilibrium position. The
frequency of these oscillations obtained theoretically and experimentally does not show large
variation. A new circuit with Z-source inverter is designed and implemented with the tuned
circuit. It is observed that when the LO deviates from its equilibrium position, the circuit is no
longer tuned and the voltage across the tuning capacitor varies. This voltage is used to
generate shoot through condition to boost the excitation of the inverter. The resulting
increase in the current produces sufficient force to pull the LO back to its desired position.
Experimental results show that with this new circuit, the LO vibrates but with much reduced
amplitude and hence can be said that the circuit also nearly damp out the oscillations. The
main advantage of the system developed is it eliminates the sensors and its related
drawbacks. Also design of complicated controllers is eliminated.

COMPETING INTERESTS
Author has declared that there are no competing interests.

REFERENCES

1. Trumper DL, Olson SM, Subrahmanyan PK. Linearizing control of magnetic
suspension systems. |EEE Transactions on Control System Technology.
1997;5(4):427-438.

2. Joo SJ, Seo JH. Design and analysis of the nonlinear feedback linearizing control for
an electromagnetic suspension system. IEEE Transactions on Control Systems
Technology. 1997;5:135-144.

3. Li JH. Fuzzy PD type control of magnetic levitation system. 5th IEEE. Conference on
Industrial Electronics and Application; 2010:2052-2057.

4. Khamesee M, Kato N, Nomura Y. Performance improvement of a magnetically
levitated microrobot using an adaptive control. Proceedings of the International
Conference on MEMS NANO and Smart Systems. 2003;1:332—-338.

5. Bandyopadhyay B, Alemayehu G, Abera E, Janardhanan S. Sliding mode control
design via reduced order model approach. International Journal of Automation and
Computing. 2007;4(4):329-334.

6. Shameli E, Khamesee MB, Huissoon JP. Nonlinear controller design for a magnetic
levitation device. Technical paper, Microsyst Technology. 2007;13:831-835.

7. Kaplan BZ. Dynamic stabilization of tuned circuit levitators. IEEE Transactions on
Magnetics. 1976;12(5),

8. Kaplan BZ. New analysis of tuned circuit levitators. International Journal of Non-Linear
Mechanics. 1974;9:75-87. Pergamon Press.

9. Vischer D. Self-sensing active magnetic levitation. IEEE Transactions on Magnetics.
1993;29(2).

10. Choi C, Park K. Self sensing magnetic levitation using LC resonant circuit. Sensors
and Actuators A. 1999;72:169-177.

576



1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

British Journal of Applied Science & Technology, 4(3): 568-577, 2014

Gluck T, Kemmetmuller T, Tump WC, Kugi A. A novel robust position estimator for
self-sensing magnetic levitation systems based on least squares identification. Control
Engineering Practice, Elsevier. 2011;19:146-157.

Lee SH, Sung HK, Lim JT, Bein Z. Self tuning control of electromagnetic levitation
system. Control Engineering Practice. 2000;8:749-756.

Huang J, Rugh WJ. On a nonlinear multivariable servomechanism problem.
Automatica. 1990;26:963-972.

Rugh WJ. Analytical framework for gain scheduling. IEEE Control Systems Magazine.
1991;11:79-84.

Kaminer I., Pascoal, A. M., Khargonekar, P. P., & Coleman, E. E, “A velocity algorithm
for the implementation of gain-scheduled controllers”, Automatica. 1995;31:1185-
1192.

Kim CY, Kim KH. Gain scheduled control of magnetic suspension systems”,
Proceedings of American Control Conference. 1994:3127-3131.

Jayawant BV, Dawson BE, Whorlow RJ, Jones JCP. Digitally controlled
transducerless magnetic suspension technique. IEE, Proceedings, Science and
Technology. 1996;143(1):47-51.

Bharathwaj Muthuswamy, Peterson K. Design of magnetic levitation controllers using
Jacobi linearization, feedback linearization and sliding mode control”, Project Report,
University of California, Berkeley, CA; 2008.

Naumovic, M. Modeling of didactic magnetic levitation system for control education.
Serbia and Montenegro, Telsiks; 2003:783-786.

Yang HJ, Lee YS, Kwon OK. Development of force modeling equipment for magnetic
levitation system. International Conference on Control and Automation and Systems,
Korea; 2010:29-33.

© 2014 Deshpande; This is an Open Access article distributed under the terms of the Creative Commons Attribution
License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, and reproduction
in any medium, provided the original work is properly cited.

Peer-review history:
The peer review history for this paper can be accessed here:
http://www.sciencedomain.org/review-history.php ?iid=307 &id=5&aid=2492

577




