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Abstract

The objective of this paper is time and frequency response analysis of single quadrant and two-quadrant power amplifiers by
using MATLAB SIMULINK, PSPICE and PSIM based software used in the electromagnetic levitation system. The power am-
plifier plays a key role in controlling the electromagnetic levitation system, controlling the current as well as the force between
electromagnet and rail. Here the power amplifier is used to convert a fixed DC voltage to an adjustable DC output voltage.
Different kinds of power amplifiers have been proposed for the electromagnetic levitation system. In this paper, only buck and
asymmetrical converters are simulated in the simulation software. The exciting current of the electromagnet is controlled by
the power amplifier, which controls the air gap and force between actuator and rail in a closed loop manner. PSPICE is an
analog and digital circuit simulation software. PSIM is a general-purpose analog and digital electronic circuit simulator. It is
also used for simulation and design software for power electronics, motor drives, and dynamic system simulation. SIMULINK
is the graphic user interface software from MATLAB which helped us prepare the model of the various power systems, power
electronics and control system.

Keywords: Electromagnetic Levitation system, Buck converter, Asymmetrical converter,Half Bridge Converter, Full Bridge
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Figure 1: Block diagram of a single axis electromagnetic levitation system

1. Introduction

Suspension of an object in the air with no visible means
of support due to magnetic force is known as a magnetic
levitation system. The magnetic levitation system is receiv-
ing increasing attention recently due to its practical impor-
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tance in many engineering systems, where it utilizes mag-
netic force to suspend an object in the air against gravita-
tional force without any physical contact between the mag-
net and the levitated object [7, 18]. It has widespread ap-
plication, like frictionless bearing (magnetic bearing), mag-
netically levitated trains, high-speed machine tools, levita-
tion of molten metals in an induction furnace, etc. In any
electromagnetic levitation system (EMLS) the electromagnet
(actuator) has to be excited by a control voltage or current
source [18]. The basic control block diagram of an EMLS
is shown in Fig. 1. The power amplifier generates the de-
sired coil current in response to a command signal from the
controller in the electromagnetic levitation system. Different
types of power amplifiers have been proposed for controlling
the current as well as the magnetic force between the actua-
tor and rail.

The power amplifier is central to control of the electromag-
netic levitation system. Here the power amplifier is used for
the DC to DC converter switch. That means the power con-
verter conversion of fixed DC voltage to an adjustable DC
output voltage. Different kinds of power amplifiers have been
proposed for electromagnetic levitation. These include mag-
netic amplifiers (now obsolete) as well as the most modern
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Figure 2: Schematic diagram of single switch power Amplifier

type of solid-state amplifiers. For low power application, both
linear and solid-state power amplifiers have been proposed
and their advantages and disadvantages discussed. Linear
power supplies produce less switching noise and the overall
electromagnetic interference is less when compared to that
generated by the switch mode power amplifier (SMPS) cir-
cuit. However, there is some limitation in linear power supply
too, as the transistor operates in its active region thereby
incurring a significant amount of power loss. The overall ef-
ficiencies of linear power supply are in the range of 30% to
60%. For high power, the amplifier would be impractically
large for an electromagnet-linear power setup. A combina-
tion of switched supply and a linear amplifier circuit may im-
prove the efficiency of linear amplifier circuits further. Be-
cause of the switched mode DC to DC, power supply circuits
are energy efficient (70-90% range). Increased switching
speeds, higher voltage and current ratings and the relatively
lower cost of power devices are the factors that have con-
tributed to the emergence of switching power supplies. The
coil current for the magnets used in levitation needs to be
precisely controlled to meet the attractive force demand. The
switch mode DC to DC power supply (chopper) circuit is en-
ergy efficient, but it generates electromagnetic noise which
will affect the position signals. Once the decision has been
taken to use the SMPS type circuit, one must design the lay-
out of the power circuit so as to limit electromagnetic inter-
ference and an electromagnetic shield may be placed be-
tween the power amplifier circuit and the position sensor [?
]. The other important consideration is the chopper switch-
ing frequency. The chopping frequency should be signifi-
cantly higher than the frequency band of the expected posi-
tion signal so as to enable effective filtering of electromag-
netic interference generated by the chopper from the low-
frequency position signal [3, 9]. The low pass filter cut-off
frequency should be kept significantly higher than the po-
sition signal frequency, but much lower than the switching
noise frequency. Due to high chopper frequency, the result-
ing current in the magnet coil is almost continuous, resulting
in a linear transfer function for the chopper. High chopper
frequency eliminates low order harmonics from the coil cur-
rent, resulting in smooth current variation and less humming
noise [4]. A schematic diagram of a single switch power am-
plifier is shown in Fig. 2.

Figure 3: (a) Schematic diagram of Buck converter circuit and (b) output
voltage and current waveform

2. A short description of different types of power ampli-
fiers

A simple Buck type DC-to-DC chopper (class-D) circuit of
Fig. 3(a) (using a controlled switch and a freewheeling diode)
will not be suitable to feed the levitation magnet, as this chop-
per circuit can only apply unipolar voltage to the magnet coil.
By adding the right value of series resistance to the magnet
coil, one can make the coil voltage negative, as the resis-
tance drop applies a negative voltage across the coil dur-
ing the free wheeling mode of the class-D chopper [2, 13].
However, the resistance will dissipate a significant amount of
power and the energy efficiency will thus be low.

The average output voltage is given by:

V0

Vi
=

Ton

Ton + To f f
=

Ton

T
= δ (1)

where: T—Total period = 1
fs

, Ton –Transistor on time,
δ—Transistor duty ratio

V0 = Ton fsVi

V0 = δVi.

δ = Ton
T = Ton fs

(2)

Thus in the ideal case, the output voltage is independent
of load. When the transistor T1 is switched on, V2 = V0, so
the voltage across the inductor is:

VL = L
di
dt
= Vi − V0 (3)

So IL increases linearly. When the transistor T1 is
switched off, the current through the inductor L cannot in-
stantaneously fall to zero, so the "flywheel" diode is included
to provide a return path for the current to circulate through
the load. During this period, V2 = 0, so:
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Figure 4: Half Bridge switched mode power amplifier

Figure 5: Full Bridge switched mode power amplifier

VL = L
di
dt
= −V0 (4)

So IL decrease linearly.
The peak-to-peak current ripple is

4I = ton.
(Vi − V0

L

)
=

(V0.T
L

)
.(1 − δ) (5)

The maximum current is:

Imaz =
V0

R
+
4I
2

(6)

The minimum current is:

Imin =
V0

R
+
4I
2

(7)

A split DC supply (Fig. 4) for exciting the magnet-coil al-
lows freewheeling and regeneration. It applies an equal
amount (half of the input supply voltage) of positive and neg-
ative voltage to the actuator [17]. In this topology two equal
capacitors are connected in series across the DC input and
care has to be exercised in balancing the charge through de-
sign measures. This power amplifier has the disadvantage
of de-rating the supply DC voltage by utilizing only half its
value at any one time [5].

The output voltage of asymmetrical and full bridge can be
written as:

V0 = {2(Ton fs) − 1}V2
= (2δ − 1) Vs

2 .
(8)

A full bridge circuit having four controlled switches (Fig. 5)
can apply an equal amount of positive and negative voltage

Figure 6: Asymmetrical Bridge (H-bridge) converter circuit

to the load (magnet coil) while allowing coil current to be bi-
directional. Electromagnetic attraction force is, however, in-
dependent of the coil current direction and hence one may as
well go for a cheaper asymmetrical bridge circuit that allows
only one direction of the load (coil) current [15, 16]. More-
over, for the multi-magnet based levitation system the use
of a full bridge circuit requires multiple isolated power sup-
plies and gate drivers and the overall control circuit will be
complicated.

The asymmetrical bridge circuit shown in Fig. 6 requires
only half the number of switches and diodes as the full bridge
circuit and is capable of applying bi-directional load voltage
similar to the full bridge circuit. Within each high-frequency
cycle when the switches are ON, the positive voltage across
the coil causes the coil current to rise and during OFF du-
ration coil current decays due to the application of negative
voltage [5, 13]. During current decay, through the diodes,
part of the magnet energy is fed back to the supply and is not
required to dissipate through any external resistance, and
thus the circuit is quite energy efficient. Owing to its high
energy-efficiency, this asymmetric converter is ideal for high
power applications. Ohmic isolation is required between the
gate drive signals of the two controlled switches and this calls
for a proper isolation and amplification stage to drive each of
the two switches. The output voltage of the asymmetrical
and full bridge can be written as:

V0 = {2(Ton fs) − 1}Vs = (2δ − 1)Vs (9)

3. Introduction to PSPICE and PSIM Simulation based
software

PSPICE is an analog circuit and digital logic simulation
software that runs on personal computers [1]. It was devel-
oped by MicroSim and is used in electronic design automa-
tion. PSPICE, now developed for more complex industry re-
quirements, is integrated into complete systems design flow
from OrCAD and Cadence Allegro. It also supports many
additional features which were not available in the original
Berkeley code, such as Advanced Analysis with automatic
circuit optimization, encryption, a Model Editor and support
for parameterized models, and has several internal solvers,
auto convergence and checkpoint restart, magnetic part ed-
itor and Tabriz core model for non-linear cores. Simulating
the circuit with PSPICE is the industry-standard way to ver-
ify circuit operation at the transistor level before committing
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Figure 7: (a) PISM circuit diagram for buck converter (b) Time response of
Voltage output and current waveform of Buck Converter

to manufacturing an integrated circuit. Board-level circuit
designs can often be breadboarded for testing. Even with
a breadboard, some circuit properties may not be accurate
compared to the final printed wiring board, such as parasitic
resistances and capacitances. These parasitic components
can often be estimated more accurately using PSPICE sim-
ulation. PSIM is the leading simulation and design software
for power electronics, motor drives, and dynamic system
simulation. With fast simulation and easy-to-use interface,
PSIM provides a powerful and efficient environment to meet
your simulation needs. PSIM is simulation software specif-
ically designed for power electronics and motor drives [8].
With fast simulation and friendly user interface, PSIM pro-
vides a powerful simulation environment for power electron-
ics, analog, and digital control, magnetic, motor drives, and
dynamic system studies.

4. Simulation Results and Discussion

Different types of simulator—like PSPICE, PSIM, and
MATLAB SIMULINK—are used to simulate the time re-
sponse and frequency response for various converters in
which they are used to control the current or force demand of
the system. The output voltage and output current have been
simulated in time response for controlling the input voltage
and current between the actuator and rail. The PSIM and
MATLAB SIMULINK simulation circuit diagram of a buck con-
verter or amplifier and its output voltage and current wave-
form are given in Fig. 7 and Fig. 8. It can be seen from
Fig. 8(a) that when switch M is on and diode D, in this case,
becomes reversed biased, its anode voltage is negative and
cathode voltage is positive. The current will continue to flow
from source to load. The voltage drops across the load,

Figure 8: (a) MATLAB circuit diagram for buck converter (b) Time response
of Voltage output and current waveform of Buck Converter

i.e. output voltage will be positive and is equal to the input
voltage. When switch M is off, no current from the source
is available for the load. The load terminal is completely
isolated from the source. When the inductor voltage is re-
versed due to its property and the anode of diode D be-
comes positive, the cathode of D becomes negative. There-
fore, the diode becomes forward biased. The stored energy
of the inductor will discharge through the freewheeling diode
D [2, 5, 7, 13, 18]. The load voltage will be zero, as the load
terminals become short circuited. But in practice we may
get a slightly negative voltage due to a small voltage drop
across the diode terminals. When the switch is on current
rises exponentially through the inductor, when the switch is
off the current falls exponentially through the inductor, and
the cycle repeats itself.

The PSPICE simulation circuit diagram and frequency re-
sponse of buck converter are shown in Fig. 9. The output of
the PSPICE simulation circuit gives the frequency response
across the coil where the DC source is connected on the in-
put side. In this frequency case, the response of the buck
converter provides the gain cross-over frequency of 26.42
KHz as shown in Fig. 9(b). It provided quite a small band-
width in this frequency response. Since stability is directly
proportional to bandwidth, the stability of the system is also
lower and has the slowest response.

The PSIM and MATLAB SIMULINK simulation circuit dia-
gram of the asymmetrical converter or amplifier and its out-
put voltage and current waveform are given in Fig. 11 and
Fig. 10. It can be seen in Fig. 10(a) that when both switches
M1 and M2 are on, the cathode of diode D1 is more positive
than its anode. So, in this case, the full voltage will appear
across the load terminals. Hence, the load voltage becomes
the supply voltage. When M1 and M2 are turned off, the
energy stored in the coil will keep the current in the same di-
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Figure 9: (a) PSPICE circuit diagram for buck converter (b) Frequency re-
sponse of buck converter in PSPICE

rection until and unless it is depleted. Due to the property of
the inductor, the coil voltage becomes reversed as soon as
the supply voltage across the coil is withdrawn and M1, M2
are turned off. Here the anode of diode D2 is more positive
than its cathode. Hence, diode D2 becomes forward biased.
The cathode of diode D1 is more negative than its anode.
Hence, diode D1 becomes forward biased, i.e., in this case
the output voltage becomes negative and its magnitude is
equal to the supply voltage.

The PSPICE simulation circuit diagram and frequency re-
sponse of the asymmetrical converter is shown in Fig. 12.
The frequency response of the asymmetrical converter gives
the gain cross-over frequency of 52.675 KHz as shown in
Fig. 12(b). The bandwidth of this frequency is high. Since
stability is directly proportional to bandwidth, the stability of
the system is quite high and gives a faster response.

The PSIM and MATLAB SIMULINK simulation circuit di-
agram of a half bridge converter or amplifier and its out-
put voltage and current waveform are given in Fig. 14 and
Fig. 13. Here two capacitors of this converter are used to
divide the input voltage into two parts, i.e., each capacitor
voltage is Vc1 = Vc2 =

Vi
2 . It can be seen that when switch

M1 is on, capacitor C1 will discharge through the inductive
load. In this case the upper voltage source will be operated
and the voltage across the load is same as and when switch
M1 is off; M2 is the voltage across the load is same and
its sign will be negative. The simulation results show that
the output current rises and decays exponentially, as can be
seen in Fig. 13(b).

The PSPICE simulation circuit diagram and frequency re-
sponse of the half bridge converter are shown in Fig. 15. As

Figure 10: (a) MATLAB circuit diagram for the asymmetrical converter (b)
Voltage output and current output of MATLAB circuit diagram

can be seen in Fig. 15(b) the frequency response of this con-
verter gives the gain cross-over frequency of 19.582 KHz.
The bandwidth of this frequency is quite good. Since sta-
bility is directly proportional to bandwidth, the stability of the
system is also high, but the response is slow.

The PSIM and MATLAB SIMULINK simulation circuit di-
agram of the half bridge converter or amplifier and its out-
put voltage and current waveform are given in Fig. 16 and
Fig. 17. It can be seen from Fig. 17(a) when switches M1 and
M2 are on, and M3 and M4 are off. In this case, the inductor
charges and stores energy and full supply voltage is shown
across the load and when switches M3 and M4 are on, and
M1 and M2 are off the output voltage across the load is the
same as supply voltage, but the direction will be the oppo-
site, as shown in Fig. 17(b). It can be seen in Fig. 17(b) that
the output current rises exponentially. But due to the con-
nected magnetic coil and load with inductive property, the
current does not change suddenly but decays exponentially,
as shown in Fig. 17(b).

The PSPICE simulation circuit diagram and frequency re-
sponse of the full bridge converter are shown in Fig. 18. The
frequency response of this converter gives a gain cross-over
frequency of 40.99 kHz. The bandwidth of this frequency
is small. The stability of the system is also low and gives
a good response.

5. Conclusion

This work presents the simulation of different types of
power amplifiers used in the DC electromagnetic levitation
system (EMLS). The operation of power amplifiers has been
discussed in this paper. The time responses were simulated
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Figure 11: (a). PISM circuit diagram for the asymmetrical converter (b).
Voltage output and current output of PSIM circuit diagram

using a PSIM and a MATLAB SIMULINK based simulator.
The output results of the different types of power amplifiers
of these two simulators follow a similar pattern. The stability
and speed of response of the power amplifier are dependent
on the gain cross-overfrequency (GCF). This means that the
amplifier which has high gain cross-over frequency delivers
better converter stability and speed of response. This study
shows that the asymmetrical converter has high gain cross-
over frequency (GCF), i.e., 52.675 KHz, and the load current
of the asymmetrical converter is always positive. Hence, the
asymmetrical converter is selected as the power amplifier of
the DC electromagnetic levitation system.
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Figure 13: (a) MATLAB circuit diagram for half bridge converter (b) Voltage
output and current output of MATLAB circuit diagram

Figure 14: (a) PISM circuit diagram for half bridge converter (b) Voltage
output and current output of PSIM circuit diagram

Figure 15: (a) PSPICE circuit diagram for half bridge converter (b) Fre-
quency response of half bridge converter in PSPICE

Figure 16: (a) PISM circuit diagram for full bridge converter (b) Voltage and
current output of PSIM circuit diagram
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Figure 17: (a) MATLAB circuit diagram for full bridge converter (b) Voltage
output and current output of MATLAB circuit diagram

Figure 18: (a). PSPICE circuit diagram for full bridge converter (b). Fre-
quency response of full bridge converter in PSPICE
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