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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 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.   
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Terms: 18 
L: inductance, R: Resistance, LC: Inductive Capacitive, LO: Levitated object, SC: Sensing 19 
coil, LW: Lifting coil/winding   20 
 21 
 22 

1. INTRODUCTION  23 

Magnetic levitation is a technique used to maintain non contact surfaces. Because of the 24 
frictionless movement of the moving part it finds applications in the field of high speed 25 
maglev, bearingless motors, clean rooms etc. But the system is highly non linear, open loop 26 
and unstable. Recently lot of efforts has been taken towards the control of magnetic 27 
levitation system. Feedback linearization technique [1], fuzzy control [2] adaptive control [3], 28 
sliding mode control [4,5] have been widely used. The design of complicated controllers can 29 
be avoided by using tuned circuits for achieving suspension of objects. This method has 30 
been implemented by many authors [ 6, 7, 8, 9, 10]. 31 

 In tuned circuit levitators, the electromagnet forms the inductive part of the tuned circuit 32 
and a capacitor is externally added. The LC series circuit is tuned at a frequency slightly less 33 
than that of excitation frequency. If the moving object moves away from the magnet, the fall 34 
in the inductance makes the circuit reach resonance. This increases the current through the 35 
magnet to increase the force exerted on the object and pulls it back to its desired position. 36 
Levitation is thus achieved without feedback control. This suspension cannot be maintained 37 
for long time as the object starts vibrating with low frequency oscillations [11].  38 

 To improve the performance of the tuned magnetic levitation system a new tuned circuit 39 
using z-source inverter has been designed here to effectively bring the object to its 40 
equilibrium position. The commonly implemented tuned circuit works well for high L/R ratio. 41 
The lifting coil has inductance of 0.7 h and resistance of 5 ohms. So when the object 42 
deviates from its desired position the increase in the current due to circuit approaching 43 
resonance is strengthened by introducing a z-source inverter. With the movement of the 44 
object the inductance of the coil varies and hence voltage across the tuning capacitor 45 
changes. This change is utilized to produce a shoot through to boost the voltage input of 46 
inverter to increase the current through the coil to produce sufficient force on the object to 47 
bring it to its equilibrium position. 48 

2.  METHODOLOGY AND EXPERIMENTAL DETAILS  49 

 50 
2.1 THE SYSTEM 51 

To achieve static stability a capacitor of 50 microfarads is added in series with the inductive magnet 52 
formed by the lifting winding (LW). For Y the distance between the levitated object and the LW, the 53 
LC circuit is tuned for ‘Y’ equal to 0.011 meters. The excitation frequency is 50 Hz. Relation between 54 
inductance L1 of the lifting coil LW and its distance Y from the object is given by 55 

                                                                            (1) 56 
 57 

The force of attraction by the magnet is given by: 58 
 59 

                                                                                                            (2)                                                              60 
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      61 
where ‘i’ is the current through the LW winding and dL(y)/dy is differentiation of equation (1) 62 
with respect to y. Though a power series has been widely used by several researchers [12, 63 
13, 14] to represent relation between coil inductance and distance of the object from magnet 64 
but it was found that for the parameters considered, Equation (1) gave less residual error 65 
and also differentiation of Equation (1) resulted in simpler expression compared to the power 66 
series. Therefore Equation (1) has been used for this work. Values of various constants for 67 
Equation (1) are: a = 0.09085, b = 10.5, c = 2.369, d = 227.2. 68 

Variation of force with respect to distance is shown in Figure 1. As the distance between the 69 
magnet and the object increase or decrease, this force varies. The object gains equilibrium 70 
position due to corresponding change in the current. The inductance of the magnet also 71 
changes and modifies the current and object is held in the desired position. As seen in 72 
Figure 1 at slightly less than 0.007 meters, the levitated object (LO) is at stable position as at 73 
this point the gravitational force and the magnetic force are equal.  74 

 75 
 76 
 77 
 78 
 79 
 80 
 81 
 82 
 83 
 84 
 85 
 86 
 87 

Figure 1 Force versus displacement 88 
 89 

2.2 ANALYSIS OF OSCILLATING FREQUENCY 90 

 At equilibrium position the LO vibrates. The frequency of these oscillations (Fos) is 91 
theoretically found as 92 

                                                
os

Springconstan t
F

Massof theobject
=

 = 4.8H                                                (3)    93 

                                 94 

  =50227. 95 

                             96 
The frequency of oscillations of the suspended object about the equilibrium position for the 97 
tuned LC (inductive capacitive) magnetic levitation system is also experimentally obtained as 98 
shown in Figure 2.With simple tuned circuit when the object vibrated at its equilibrium 99 
position during experiment, these oscillations were recorded by DSO and are as in Figure 2. 100 
It is observed that 8 cycles of 50 Hz are there in half cycle of natural frequency as in Figure2. 101 
Therefore natural frequency of oscillations observed experimentally is 1/0.320= 3.125 Hz. As 102 
the magnitude of oscillations keep on increasing with time and there are other modes of 103 
oscillations also, measurement of frequency of oscillation with digital storage oscilloscope 104 
(DSO) is not very accurate but its order is however the same as that calculated theoretically. 105 
To minimize the oscillations of the LO and provide sufficient current (which is otherwise less 106 
due to low L/R ratio of the coil), to pull the object to its equilibrium position a new closed loop 107 
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control method which uses the voltage change across the tuning capacitor and Z-source 108 
inverter with shoot through is designed. 109 
 110 
 111 
 112 
 113 
 114 
 115 
 116 
 117 
 118 
 119 
 120 
 121 
 122 
 123 

 124 
 125 
 126 

Figure 2 Waveform during vibrations 127 
  128 
2.3 NEW SELF SENSING TUNED SYSTEM 129 

The schematic of the system developed is shown in Figure 3. An impedance network 130 
couples the inverter main circuit to the power source of 10V. The resonance circuit which 131 
consists of the electromagnetic coil (which acts as the inductor) and a fixed tuning capacitor 132 
connected in series to the coil acts as the load for the Z-Source inverter. With the change in 133 
position of the object to be levitated the inductance value changes which in turn brings about 134 
a change in the voltage across the capacitor. This change in voltage is used to modify the 135 
inverter excitation by using PIC18f4550 microcontroller so as to produce required current to 136 
bring the object to its desired position. The working of the system is described in detail in the 137 
following section. 138 

 139 
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Figure 3 Schematic of the system developed 158 
 159 

2.3.1. Z-Source Inverter 160 

 A Z-source inverter can perform both buck and boost operation depending on the parameter 161 
design and provide wide range of output voltage which is not feasible in conventional voltage 162 
source or current source inverters.  The Z-source network has nine permissible switching 163 
states compared to the eight states of the conventional inverter. The extra switching state 164 
arises due to the shoot through state of the network in which two switching devices of the 165 
same leg can conduct simultaneously.  166 
 167 
2.3.2. PWM Technique for Z-Source Inverter 168 

There are three PWM (pulse width modulation) techniques for pulse generation of a Z-169 
source inverter viz; simple boost control, maximum boost control and constant boost control. 170 
Here simple boost control is used to reduce complexity of the circuit. In simple boost control 171 
when triangular carrier wave is greater than the upper envelope or lower than the bottom 172 
envelop, the circuit turns into shoot through state, else acts as traditional PWM. In this work 173 
only upper envelope is used. 174 

2.3.3. Load for the Inverter Circuit 175 

The electromagnet acts as an inductive (L) part with its internal resistance R and capacitor 176 
(C) of 50 uf connected externally to form the series LCR circuit. The circuit is tuned for the 177 
position of the levitated object at 0.011meters from the electromagnet. When the object is at 178 
its desired position, current flow through the inverter load is due to alternate conduction of 179 
MOS M1, M4 and M3, M2. For the gate pulse to the power switches of the inverter, a 180 
PIC18f4550 microcontroller is implemented. A simple boost control is implemented for the Z-181 
source inverter. A sine wave is compared with a triangular wave to generate a PWM and 182 
shoot through period is generated when the triangular wave is greater than envelope. The 183 
envelope is the voltage across the tuning capacitor which varies with the inductance of the 184 
coil as the object deviates from its equilibrium position. With shoot through, excitation 185 
voltage for the inverter is increased. More current flows through the coil and pulls the object 186 
to the desired position. Figure 4 gives the Simulink model for generating gating pattern for 187 
MOSFET M1, M2, M3 and M4. During normal operation M1 and M4 of Figure 3 are triggered 188 
simultaneously and conduct and M2 and M3 conduct for the other half of the input cycle. 189 
When the input voltage for the inverter needs to be boosted, shoot through occurs as seen in 190 
Figure 5 and it is followed by the normal firing of the switches.  191 
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                      Figure 4 SIMULINK model for generating gating Pattern 207 
 208 
 209 
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 215 
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 227 

Figure 5 Gating pulses of inverter 228 
 229 
2.4 EXPERIMENTAL SET UP 230 

To develop the hardware, a symmetrical impedance network consisting of two identical 231 
capacitors and inductors connected in the manner as shown in Figure3 is developed. The 232 
inverter circuit which follows the impedance network consists of four MOSFET switches. 233 
PWM pulses which are obtained from PIC18f4550 processor are given to the gate of the 234 
MOSFET’s through optocoupler isolation circuit. This circuit offers electrical isolation 235 
between the power circuit and the PIC kit.  The PIC microcontroller and the pulses 236 
generated using PIC during the experimental performance is as in Figure 6 and 7 237 
respectively.  238 
 239 

 240 
 241 
 242 
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 245 
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 249 
 250 
 251 
 252 
 253 

Figure 6 Pulses from PIC 254 
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 264 

Figure 7 Change in pulse width with change in capacitor voltage 265 

 266 
The pulse pattern in figure 6 is under steady state. When the object deviates from its 267 
equilibrium position the change in voltage across the tuning capacitor result into generation 268 
of shoot through state as obtained in Figure 7. The excitation voltage of the inverter is 269 
boosted and current through the coil increases to pull back the object. The oscillations of the 270 
object obtained experimentally for the proposed new circuit are shown in Figure 8. It is 271 
observed that the oscillations are much reduced compared to that of the normal tuned circuit 272 
obtained in Figure 2. Hence it can be said that the designed new circuit also reduces the 273 
oscillations. The hardware modules are connected as in Figure 9.  274 
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 287 
Figure 8 Oscillations of LO with Z-source inverter circuit 288 
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Figure 9 Experimental Set up 305 
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3. RESULTS AND DISCUSSION 306 

A magnetic levitation system with an external capacitor in series with electromagnet winding 307 
as an inductor was developed. The LC circuit was tuned for a particular position of the 308 
levitated object. The supply frequency is slightly higher than the resonance frequency to 309 
which the circuit is tuned. If the object deviated from the desired position the circuit hence 310 
approaches resonance and magnetic force increases to bring the levitated object back to its 311 
initial position. The response of the system showed that the object vibrated with varying 312 
amplitude. To improve the circuit further a Z-source inverter with the electromagnet coil as 313 
an inductor and a capacitor in series as its load was developed. When the object deviated 314 
from desired position, the voltage across the capacitor changed. This change was used to 315 
create a shoot through to manipulate the current so as to produce the required force to bring 316 
the object back to its desired position. A PIC microcontroller was also used to achieve this. 317 
The hardware developed gave satisfactory results. Thus novel idea of introduction of Z 318 
source inverter with shoot through was successfully implemented for LC tuned magnetic 319 
levitation system.  320 

4. CONCLUSION 321 

Tuned inductive capacitive magnetic levitation circuit is designed and implemented.  322 
Experimental results show that the LO oscillates around its equilibrium position. The 323 
frequency of these oscillations obtained theoretically and experimentally does not show large 324 
variation. A new circuit with Z-source inverter is designed and implemented with the tuned 325 
circuit. It is observed that when the LO deviates from its equilibrium position, the circuit is no 326 
longer tuned and the voltage across the tuning capacitor varies. This voltage is used to 327 
generate shoot through condition to boost the excitation of the inverter.  The resulting 328 
increase in the current produces sufficient force to pull the LO back to its desired position. 329 
Experimental results show that with this new circuit, the LO vibrates but with much reduced 330 
amplitude and hence can be said that the circuit also nearly damp out the oscillations. The 331 
main advantage of the system developed is it eliminates the sensors and its related 332 
drawbacks. Also design of complicated controllers is eliminated.   333 
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