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ABSTRACT Active magnetic bearings (AMB) have gained significant attention in recent years due to their
superior performance in various industrial applications. One crucial component of an AMB system is the
discrete power amplifier, which plays a vital role in driving the magnetic coils and controlling the position
and stability of the rotor. This article provides a comprehensive review of power amplifier technologies in
combination with the H bridge converter and feedback sensing circuits used in AMB. In addition, it discusses
the design considerations, operational principles, and performance metrics of power amplifiers. Finally,
challenges and potential future directions in power amplifier technology for AMB along with conclusions
are highlighted.

INDEX TERMS Active magnetic bearings, power amplifiers, sensing circuits, H bridge, raspberry PI,

simulink.

I. INTRODUCTION

This section introduces AMB and their fundamental prin-
ciples, setting the stage for comprehending the following
literature review.

A. WORKING PRINCIPLE OF AMB

AMB have seen more than three decades of research and
application, with ongoing efforts to improve their control
systems [1]. These are a promising alternative to traditional
mechanical bearings, offering advantages such as reduced
friction, enhanced stability, and improved controllability
[2]. Unlike conventional mechanical bearings that rely on
physical contact between components, AMB employs elec-
tromagnetic forces to suspend and control the position of a
rotor. Applications include annular suspension and pointing
systems [3], non-contact gyros, high-speed compressors [4],
diary industries, high precision [4], machine tools, blood
pumps [5], [6], artificial heart pumps [7], [8], turbomolecular
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pumps [9], jet engines, bearing less motors [10], [11] etc.
Initially, the rotor, which remains non-rotating, is elevated
into the air by the AMB, effectively functioning as a pure
bearing. Subsequently, the driving mechanism impels the
rotor to achieve the desired operational speed. During the
acceleration phase, the AMB serve as controllers, effectively
dampening undesirable vibrations, particularly those arising
during resonant frequencies and unstable states. As the tran-
sient phase ensues and the rundown occurs, the rotor meets
touchdown bearings [1].

It’s important to note that AMB can exclusively gen-
erate attractive forces. Consequently, a closed-loop con-
troller, equipped with supplementary hardware components,
becomes imperative to sustain stable operation. The princi-
pal benefits attributed to AMB encompass a wide range of
advantages, such as the ability to attain high rotational speeds,
adjust the rotor’s dynamic characteristics, eliminate wear and
the need for lubrication systems, exhibit low energy losses,
operate effectively across a broad temperature spectrum, con-
sume less power compared to fluid film and rolling element
bearings, and offer electronic control [2], [3].
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A schematic representation delineating the constituents of
AMB, and their operational principle is shown in Fig. 1. The
configuration of a magnetic bearing system revolves around
four fundamental elements: the magnetic actuator, controller,
power amplifier, and shaft position (proximity) sensor. The
proximity sensor, devoid of physical contact, transmits mea-
surement signals to the controller upon detecting alterations
in the rotor’s position.

Displacement
sensor

FIGURE 1. Working principle of AMB-rotor system.

Subsequently, the controller issues corrective signals to
the power amplifier, which, in turn, delivers precise current
adjustments to the coils within the electromagnets. The elec-
tromagnets generate a magnetic flux that draws the rotor back
to its equilibrium position. This dynamic process transpires in
real-time, thereby facilitating the levitation of the rotor during
its operational phase.

B. AMB ACTUATORS

An AMB stator typically consists of two opposing elec-
tric coils, though four coils are common for radial bearings
[4]. Load capacity equations can be found in a prior study
[5]. Radial AMB can be categorized into homopolar and
heteropolar configurations. Homopolar setups have stator
poles with the same polarity, reducing eddy currents and
eliminating the need for a laminated collar. Heteropolar con-
figurations use varying stator pole polarities, necessitating
laminated collars to mitigate losses [8]. Double-acting mag-
netic thrust bearings apply axial forces in both directions and
are used in vertical centrifugal pumps. Combined radial and
axial AMB provide comprehensive rotor control [11], [12].

C. HARDWARE CONTROLLER

The rotor’s position signal undergoes analog-to-digital con-
version before reaching the plant controller, then is trans-
formed back to analog using a digital-to-analog converter.
A high sample rate is used, and a low-pass filter counters
electrical noise. Notch filters [18] suppress high-frequency
resonances beyond the system’s bandwidth. The final step
involves sending the analog signal to power amplifiers.

D. AMB CONTROL LAW
AMB require feedback control to stabilize rotor levitation.
This control employs position sensors to adjust the rotor’s
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position by applying opposing currents to magnet poles,
ensuring stability [1]. Various control laws are explored in
the literature, with PID control commonly used but limited
at high speeds and in the presence of gyroscopic effects.
Complex Multi-input multi-output (MIMO) adaptive con-
trollers like m-synthesis and H infinity controllers excel in
high-speed AMB setups [7], [19], [20], [21].

E. POWER AMPLIFIERS

Power amplifiers play a crucial role in supplying current to
the electromagnets, which generate the necessary magnetic
field for controlling the rotor. They serve as key components
in converting low-level control signals into high-power cur-
rents required to activate the magnetic coils effectively. In the
context of AMB applications, each bearing axis typically
employs a pair of power amplifiers. The primary function of
these power amplifiers is to ensure precise control over the
magnetic field generated by the AMB system. This precision
control is achieved by modulating both the amplitude and
frequency of the electrical current flowing through the mag-
netic coils. By doing so, the power amplifiers enable accurate
positioning and stability control of the rotor. These ampli-
fiers operate as high-voltage switches, utilizing transistors
that rapidly switch on and off at high frequencies to convey
positive and negative voltage levels. This switching action is
guided by the pulse-width modulation (PWM) wave signal
originating from the controller [34]. Notably, in recent times,
switching power amplifiers have replaced traditional analog
power amplifiers due to their enhanced performance [35].

F. SENSORS

Eddy current proximity probes, commonly used in AMB
applications, induce eddy currents in the rotor’s conductive
material through an electromagnet’s magnetic field. These
currents create a counteractive magnetic field, altering the
coil’s impedance when the rotor-probe distance changes.
Eddy current sensors offer a good frequency response, near-
linear characteristics, minimal phase shift, and resistance to
external interference over a wide frequency range (up to
2 mm displacement). Other non-contact displacement sensors
include capacitive, inductive, magnetic, optical, and laser
variants [7], [34]. Hall sensors, solid-state devices, produce
voltage changes proportional to magnetic field density and
measure magnetic flux on pole surfaces in AMB systems. In a
study [37], hall sensors were integrated into pole structures
for force estimation investigations. Authors in [12] examined
the impact of solenoid actuator coils’ magnetic fields on
eddy-current sensors measuring shaft position, finding no
significant influence from the support structure.

G. TOUCH-DOWN BEARINGS

In order to guarantee the protection of AMB components
in situations like power failures or AMB load saturation, sup-
plementary rolling element bearings are strategically placed
at around half the AMB air gap. It is crucial to emphasize that
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these bearings remain unconnected to the rotor during stan-
dard operation to prevent any frictional issues at exceptionally
high RPM.

Il. RECENT PROGRESS ON POWER AMPLIFIERS

System faults [2] in AMB can be broadly classified as either
internal or external to the magnetic bearing control system.
External faults are rotor impact by hitting with foreign par-
ticles like solid matter, rotor mass loss (load unbalance),
motion of system base (foundation looseness), rotor defor-
mation, sudden changes in loading, bent rotor. Internal faults
are mainly due to power amplifier failure or malfunction,
sensor failure, loss of I/O board channel, controller fail-
ure, computer hardware failures [12], [13]. Thus, the power
amplifier is a critical element that enables precise control of
the electromagnetic forces in an AMB system [14]. Various
research studies have been conducted to explore and improve
their performance [15]. The nonlinear relationship between
the input voltage and output current in an inductive load
such as the electromagnetic actuators of AMB [16] is shown
in Fig.2., Hence crucial design of SPA with feedback is
necessary.
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FIGURE 2. Nonlinear relationship between the input voltage and output
current in electromagnetic coils of AMB [23].

Initially, linear power amplifiers were used in AMB [5].
However, they consumed a significant amount of power due
to their operation in the linear region, leading to the adoption
of switching power amplifiers (SPA) as replacements [15].
First digital implementation of magnetic levitation was by
[17] focuses on a digitally based control system for mag-
netically suspended objects, requiring a fast microprocessor
capable of rapid multiplication and addition. The Texas
Instruments TMS32010 digital signal processor was chosen
for its optimized instruction set.

Researchers in [18] investigated the factors influencing the
inherent current ripple in SPA, while a dual-mode power drive
hybrid power amplifier was designed in [4] to simultaneously
reduce current ripple and enhance the current response rate,
considering both transient and steady states in the AMB
system. In [19], authors proposed a current predictive control
method based on proportional-differential current-sensing

VOLUME 11, 2023

resistor networks, which improved current tracking accuracy
and reduced current ripple in SPA. The design of PWM circuit
using a 555 timer and operational amplifier has been simu-
lated in MULTISIM and PSIM. This PWM circuit is intended
for controlling the power amplifier [20]. A SPA which uti-
lized an integrated PWM known as SA60 was invented in
[21]. The IC controlled the switching in a cost-effective way.
SPA with bias voltage source was designed by [22]. It was
used to power AMB coils of sensor less AMB. The bias
voltage was provided simultaneously by a special internal
circuitry.

Researchers in [23] used a digital signal processor (DSP)-
controller for the digital control, with the power amplifier
utilizing 3-phase IGBT modules. In [24], a 3-phase switching
converter with IGBTs for radial AMB by recognizing the pos-
sible advantages such as 3-phase converters are extensively
employed in large numbers for electrical drives, and their cost
is exceptionally affordable. Consequently, the conversion of a
3-phase servo amplifier into a magnetic bearing controller is
readily achievable by a straightforward software replacement
and then the problem of cross coupling and non-linearity was
addressed in this work. Dynamic performance limitations of
space vector PWM were researched by [25]. The reference
voltage is usually calculated by PID controller [26]. However,
the PID parameters are difficult to adjust and need very
complex control algorithm which tend to increase complexity
of the SPA [27].

A reduced switch converter for AMB was designed by
[14], reducing the number of components and analyzing
the modulation method and control strategy. They pro-
posed a shared-bridge drive with reversed direction, and
designed a SPA with a redundant structure for multi-axis drive
requirements. A 5-phase six-leg topology SPA for a five-
degree-of-freedom (DOF) AMB system was designed by [28]
and introduced the one-cycle current control algorithm, effec-
tively reducing the output current ripple. In this approach, the
duty cycle of the shared leg is optimized using finite control
set model predictive control.

A 3 level SPA controlled by FPGA with low switching fre-
quency on XC3S1000 was invented by [29], here 4-channel
current and PWM modulation were carried out by the single
chip to signal the H bridge. Current sensing for feedback was
carried out by a hall effect based linear current sensor.

Evaluation of various topologies was carried out in [30]
and guidance was offered on selecting the topologies based on
different coil pair arrangements and bias current distributions.
The work also compares both traditional and novel SPA
topologies, providing a comprehensive comparison of three
topologies: half bridge, 3-phase-half-bridge, and neutralized-
sharing-bridge designs. This evaluation provides valuable
theoretical guidance for selecting and designing SPA for
AMB in various scenarios.

In [31], the authors proposed the design, and testing a
2-level PWM SPA for AMB with internal current control
loop. The amplifier can operate in either voltage-controlled
or current-controlled mode. The measured characteristics of
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the amplifier, including static input-output characteristic, fre-
quency response, and current harmonic distortion.

In [32], the advantages of using standard industrial
components for controlling AMB were discussed. These
components offer several benefits, including robustness,
availability, reliability, safety, security, traceability, certifica-
tion, handling, universality, lower cost, and shorter down time
of machinery [15].

A novel technique was implemented in [33], for pow-
ering the axial AMB in a bearing less permanent magnet
synchronous motor, eliminating the need for a 4-quadrant
chopper. An AMB system incorporating a low-cost chopper
type SPA was utilized in [34] to actuate distinctive two-coil
I-type structure that has been specially designed to ensure
sufficient attractive force for rotor levitation while main-
taining a stable position. To reduce costs, a single-switch
power amplifier has been implemented. This I type coil is
much more efficient than E or U type solenoid actuator since
leakage flux is minimized.

The study in [35] addresses remote condition monitor-
ing of AMB using off-the-shelf IoT hardware and custom
software in SPA. Simplified wirings for internal circuitry
in SPA have been patented by [36]. Research work in
[37] performed a coupled simulation of buck amplifier
with AMB coils by using Simplorer and ANSYS Maxwell.
The effect of large separation between load and source
for PWM transmission, then dynamic termination circuit
[38] would be needed and transmission line theory needs
to be studied. A method to encounter challenges related
to total harmonic distortion (THD) limits was suggested
by [16]. To address these issues, the remodified approach
adopts a closed-loop PI controller with unipolar PWM and
a LC filter in output, which reduces THD in the output,
increasing stability, and minimizing mechanical vibrations.
A 3-phase inverter for 3 stage winding supply to coils of
AMB was suggested in [39] and [40]. The Spanish scholars
used 3-phase matrix convertor to drive the 3-phase stator
windings or electromagnets [41]. For three-pole magnetic
bearings, authors in [42] and [43] used two full-bridge
power amplifiers to drive bipolar windings. To solve the
3-phase asymmetry problems in 3-phase inverter, authors in
[44] proposed 3-phase four-leg topology. Moreover, a five-
leg inverter was employed to drive the multi-phase motor
which is also an inductive load like solenoid actuators of
AMB [45]. Servo amplifiers were used in [5] and [53] for
active suspension control like that in AMB technology, which
make use of SPA technology internally for controlling the
system.

Flywheel electromagnetic suspension system was con-
trolled by a single FPGA chip in SPACE environment by
using Linux RTAI (Fig. 3) [46]. This control strategy used
microcontroller based RTOS for control loop in SPA, like that
of AMB technology.

RTOS was used for controlling the AMB in [47], yet
more work is needed to make this technology more reliable.
The experimental work had one motor to provide rotation to
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vertical shaft, of which the other end was supported through
AMB. Fig. 4 shows the control process using RTOS on
ATmega 338P.

Hard real-time - Hardware real-time
—__layer 2 3 layer
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FIGURE 3. Linux RTAI for controlling SPA in flywheel electromagnetic
suspension system.
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FIGURE 4. Control process using RTOS on ATmega 338P.

Recent development in internet of things (IoT) has led to
widespread implementation of remote and intelligent data
monitoring and control systems for using SPA in AMB indus-
tries [35], [48]. Therefore, looking into the capabilities of
system on chip (SoC) systems, the Raspberry Pi may be used
for control of AMB, hence making the AMB technology
affordable and open source, like work done by [49]. Authors
in [50] and [51] used open-source Arduino as I/O board
to send signals to servo amplifier cards with LabVIEW to
successfully control AMB. It involves taking feedback for
current from the servo SPA for close loop feedback control
and outer position feedback using eddy current position sen-
sors. The outer loop controller used computational resources
from the PC that was running LabVIEW in real time. Even
real time MATLAB/Simulink [52] interfaced with Arduino
can be a convenient option.

1Il. OPERATIONAL PRINCIPLES OF POWER AMPLIFIERS

The operational principles of power amplifiers used in AMB
are explored in this section. Different amplifier topologies,
such as linear, switching, and hybrid configurations, are
discussed. Switching amplifiers, also known as Class D
amplifiers, have gained popularity in recent years due to their
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high efficiency and improved power handling capabilities
compared to linear amplifiers. These amplifiers function by
swiftly toggling the power supply voltage, creating a PWM
output waveform. The amplified signal is reconstructed
through low pass filtering of the PWM waveform. PWM
signals are boosted via power amplifiers and are utilized in
electronic control systems requiring high-power signals for
motor or actuator operation. They take input from micro-
controller systems, controllers, or sensors, amplify it, and
transmit the enhanced signal to electromagnetic actuators.
The advantages and limitations of each topology are exam-
ined in terms of linearity, efficiency, distortion, and power
dissipation [53]. It explores various amplifier topologies,
their advantages, limitations, and their impact on the overall
performance of AMB system.

A. LINEAR AMPLIFIERS

Linear amplifiers as shown in Fig. 5, are a common choice
for power amplification in AMB due to their excellent linear-
ity and low harmonic distortion characteristics [54]. These
amplifiers operate in the linear region of their transfer char-
acteristics, where the output voltage is a linear function of the
input voltage. They provide precise control over the magnetic
forces and allow for accurate positioning of the rotor. They
usually use two electronic OPA544 chips allows for push-pull
power amplifier which is suitable for control of superimposed
magnetic field model, and large amplitude for load current
output can be achieved [55].

Base

FIGURE 5. Schematic representation of linear power amplifier [10].

In a linear amplifier, active components like bipolar
junction transistors (BJTs) or metal-oxide-semiconductor
field-effect transistors (MOSFETSs) are employed to enhance
the amplitude of the input signal [56]. The key advantage of
linear amplifiers is their ability to reproduce the input signal
faithfully, minimizing distortion and allowing for precise
control of the magnetic forces in AMB. However, they suffer
from low efficiency and high-power dissipation, resulting in
the generation of significant heat. Other categories of linear
power amplifiers that amplify signals by acting as active
resistors and dissipating power as heat to give output in line
with the base input signal given to the active components
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are by using field effect transistors, JUGFET, IGFET [57].
These limitations faced by linear amplifiers have made indus-
tries like Waukesha, Calnetix Technologies, Keba etc. and
researchers to move on to SPA. Since the development of
power electronic switches with capabilities of high switching
frequencies and DSP, FPGA which have high computational
power [29], [58].

B. SWITCHING AMPLIFIERS

Initial comparisons of switching topologies were conducted
by researcher in [59]. Later the different topologies were
analyzed and simulated by authors in [30]. The basic concept
of SPA relies on switching signal at very high frequency (up
to 100kHz or more) called PWM. The average output voltage
is linearly related to the percentage of duty cycle as shown in
Fig. 6.

0% Duty Cycle

39 I R T
ov
25% Duty Cycle
5V
|_| Average
ov |1 L L L L Output
Voltage

50% Duty Cycle
g T Y O e B
)y

75% Duty Cycle

ov | | | | i—

100% Duty Cycle
I

T
FIGURE 6. Relationship between average output voltage and percentage
of duty cycle.

PWM is the best suited modulation technique for SPA of
AMB. Here, a carrier signal is modulated by a reference
triangular signal, resulting in the generation of pulses [60]
[61]. Three level space vector PWM modulation techniques
were also used in IGBT based SPA of Radial AMB [25]. The
drive circuit is of utmost importance within the SPA system,
with a special emphasis on the PWM modulator. Varied PWM
modulation schemes, such as the two-level or three-level
approaches, introduce alterations in the amplifier’s traits.
Implementing the PWM modulator can be achieved through
two distinct methods namely, the hardware approach and the
software approach. The hardware method employs a spe-
cialized PWM module like TL494 to generate the PWM
wave. It can be integrated with the inner controller, inner
feedback loop, and power main circuit as an independent
SPA. This type of SPA does not require a computer and
finds broader applications, but adjusting the PWM scheme is
challenging. On the other hand, the software method relies
on PWM outputs from devices like DSP. The PWM wave
is generated using numerical methods by control loop. This
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approach allows for easy adjustment of the PWM scheme
and simplifies the power amplifier’s structure. Nonethe-
less, achieving this goal necessitates the meticulous design
of internal feedback data, inner controllers, and position
controllers within the computer system. This augmentation
significantly enhances the intricacy of the AMB control sys-
tem. As the software approach consumes computational CPU
resources, it typically relies on high-speed DSP [38].

H_l_”_|ﬂ -

Low
PWM signal

Command

(modulating) signal f\j
Chopping
(carrier) signal /\/\/\/

FIGURE 7. PWM modulation using triangular wave and analogue input
signal.

Comparator,

A triangular wave serves as the carrier signal, while a
sinusoidal wave acts as the reference signal in a modula-
tion process that produces pulses of varying widths in each
half cycle. These signals are combined in a comparator to
achieve modulation. When the magnitude of the carrier signal
exceeds that of the reference signal, the comparator generates
a high output, resulting in the generation of output pulses.
By adjusting the frequency of the carrier and reference sig-
nals, the number of pulses in each half cycle can be controlled,
as illustrated in Fig. 7 [20]. There are 2 level and 3 level PWM
switching techniques of which 3 level has lesser current ripple
and hence more accurate, but the circuit is more complicated
and expensive. Fig. 8 shows comparison of current ripple in
output signals of 2 level and 3 level PWM modulation [62].

two-level drive waveform q twa-level current waveform

MAAAAAAAAAAAAAAA

o L © W

36 T00 T30 time/jis

three-level drive waveform

1 1
300 T000  tma/jts

three-level current waveform

. voltage/V

S U O W
current/A

time/ps

)N 1 1
50 T00 130 lime/lus (‘0 500 1000

FIGURE 8. Comparison of current ripple in output signals of 2 level and
3 level PWM modulation.

C. SWITCHING TOPOLOGIES

1) MATRIX TYPE CONVERTER (MC)

Matrix type converter (Fig. 9) is modulated by select-
ing appropriate switching functions to achieve user or
reference-defined output voltages and input currents [63],
[64], [65], [66]. Various methods have been studied, including
venturini (optimized), indirect, and scalar approaches. The
foremost issue is the voltage transfer ratio constraint, which
can reach a maximum of 86%. Directly connecting output
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FIGURE 9. Schematic of matrix type converter.

to input amplifies sensitivity to grid distortions. Overcom-
ing this, along with challenges like numerous semiconductor
devices, complex modulation algorithms, and bidirectional
switch commutation has seen significant advancements [41].
This study focuses on the direct space vector modulation
(DSVM) technique. But even then, converters listed below in
subsequent sections are simpler and cost effective than matrix

type.

1wl

MOSFET| C R

JUl

GATE PULSE

Tv,,

LOAD

=

FIGURE 10. Schematic of chopper type amplifier with charge dump
circuit [34].

2) CHOPPER TYPE AMPLIFIER WITH CHARGE DUMP CIRCUIT
The circuit diagram for a chopper type SPA is shown in
Fig. 10. This circuit employs a MOSFET switch in con-
junction with the fast-recovery power diode MUR460 for
the chopping process. To enable the energy dumping func-
tion, a DC capacitor and a variable resistor are incorporated.
Upon activation of the input, both voltage and current in the
coil rise. The current passing through the coil during each
switching cycle is directly proportional to the duration of
the signal pulse being ON. Consequently, the energy dump
capacitor undergoes a partial discharge through the rheostat
while the signal is ON. When the switch is turned OFF, the
fast-recovery power diode offers a path for the coil current
to combine with the resistor and capacitor. This leads to an
effective increase in voltage across the coil with a negative
polarity.

Subsequently as shown in Fig. 11, when the coil voltage
reverses, the coil current decreases, following a slope deter-
mined by the coil inductance and capacitor voltage.
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FIGURE 11. PSIM simulation results of output characteristics of chopper
type amplifier with charge dump circuit [67].

3) FULL H-BRIDGE

It is a type of electronic circuit (Fig. 12) that allows the direc-
tion of current flow to be controlled and reversed through a
load, typically solenoid coils or other actuators. The H-bridge
consists of four switches labeled as S1, S2, S3, and S4. It also
has solenoid coils connected between the outputs of S1/S2
and S3/54 [19].

e S — o 5 —
£ Hq B &
o — S —
S1 S4
— — W]
T Vde L )
Coil
g — g —
= Hq £ -
" — m —_—
S3 S2

FIGURE 12. Schematic of H Bridge converter [68].

The axial DOF in the system can be limited in two ways.
First, coupling can transmit motor torque, resulting in a four
DOF AMB. Alternatively, axial DOF can be restricted using
an axial thrust AMB, forming a five DOF AMB configura-
tion. In a four DOF AMB, limiting four motion DOF requires
an amplifier with a minimum of eight full-bridge circuits
(Fig. 12.), necessitating 32 switches and their corresponding
isolation drive circuits [30].

Properly modeling stray inductances in connecting wires
is crucial for practical results closely matching simulations
[59]. Switching power amplifiers typically employ two main
power circuits i.e., semi-bridge type and full-bridge type.
In AMB systems, the semi-bridge type is more commonly
used due to its economic and straightforward design. Then
there is 3-phase-half-bridge topology, neutralized-sharing-
bridge topology.

VOLUME 11, 2023

T |
b ¥
. .
Vde—: == C %
. D1
(a) charge state
.’“'“““I““““““““"‘ “““““““ 8!
E T D2
' i
. A1 c .-_.WEL_...{..____J_ ________ |
C%; T i L)\AA/I
75 B1 Yr"z
(b) discharge state
IT1 xD2
. . R L
Vdc— =< Ci W
il
140D T2
|

(c) persistence state

FIGURE 13. Working states of H Bridge converter [31].
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FIGURE 15. Asymmetrical H Bridge for 8 coils.

As per Fig. 13, the command voltage (Vc) is greater than
50% then charging of solenoid takes place (in state (a) and
if Vc is less than 50% then discharging of solenoid happens
(in state (b)). When Vc is zero then sustaining of energy in
solenoid happens, the energy slowly dies out due to forward
voltage drops in freewheeling diode and resistance of coil and
on state resistance (Ron) of switching device (in state (c)).
Minimum requirement of power amplifier for AMB in case
of Full H Bridge with 32 Switches and 8 coils (Fig. 14) [30].

4) ASYMMETRICAL H BRIDGE

Minimum requirement of power amplifier for AMB in case of
asymmetrical H Bridge with 16 Switches and 8 coils (Fig. 15)
[30], suggesting that cost, simplicity, and size is halved [60].
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FIGURE 16. Schematic of asymmetrical H bridge with capacitors for
3 phase converters using IGBT [25].
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FIGURE 17. Schematic of 3-phase half bridge converter.

5) ASYMMETRICAL H BRIDGE WITH CAPACITORS

The variant amongst half bridge converter that can produce
negative voltage, requiring 2 capacitors to provide stable
currents when switching takes place due to PWM [20].

The two DC sources are constructed by dividing the DC
link voltage using a pair of capacitors, as depicted in Fig. 16.
The magnet coils are segregated into two distinct clusters,
corresponding to these two DC sources. However, a notable
challenge is to meticulously uphold the equilibrium between
the two segments of the circuit. This equilibrium necessitates
that the total currents in both halves of the circuits remain
identical. In the configuration involving an AMB system with
five axes, a total of four IGBT power modules (or seven power
modules for a complete bridge setup) prove adequate. The
two remaining half-bridge modules can be effectively utilized
for maintaining equilibrium between the two circuit halves.
It is important to note that utilization of a three-level PWM
results in the emergence of substantial current harmonics.

6) THREE PHASE HALF BRIDGE CONVERTERS

Only 3 switches are required to effectively control the move-
ment of a single DOF system as shown in Fig. 17. On the other
hand, in a four-DOF AMB system, the number of switches
increases to 12, resulting in a reduced component count. The
upper switch located at the bridge’s upper end is designed as
a floating ground. Consequently, it necessitates a dedicated
power supply. In contrast, the lower switches can share a
common power supply. Theoretically, the positions of power
diode and power switches can be exchanged. Specifically,
switches S1 and S2 of the phase legs, located on both sides,
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FIGURE 18. Schematic of neutralized sharing bridge converter for 8 coils
of AMB.

are positioned at the lower end. Meanwhile, switch SO of the
middle phase leg is placed at the upper end to minimize the
need for isolated power supply units. Furthermore, the middle
phase leg serves both coils, thereby affecting its operational
behavior due to its dual-coil association [30].

There are two methods to control this circuit, coupling
method and decoupling method of which coupling method
increases computation and complexity. Hence, decoupling
methods are industrially resorted [69]. The output perfor-
mance of SPA is influenced by the continuous variation of
average voltages on the coils within the range of -0.5Vdc to
+0.5Vdc.

7) NEUTRALIZED SHARING BRIDGE CONVERTER

The coils can be categorized into two distinct groups: the
initial set of coils (coil 1 to 4) carries current outward from
point O, while the subsequent set (coil 5 to 8) channels current
inward towards point O (Fig. 18). The current within the
balanced shared phase leg is established as the discrepancy
between the two group currents, as opposed to their sum-
mation, according to Kirchoffs law. For a comprehensive
reduction of the current in the neutralized shared phase leg,
a configuration is adopted where two coils governing a single
axis are included within the same group [30]. This coil group
entails two pairs of coils managing two DOF, and the resulting
current, denoted as IN, within the neutralized shared phase
leg is derived by deducting the bias current linked to the two
coil groups. Furthermore, by ensuring that the bias current
for each axis coil is uniformly designed, the IN current in
the neutralized shared leg remains below the coil current and
approaches near-zero values.

There is one more variant in this named Integrated sharing
bridge, which suffers from heating problem that leads to
lesser reliability of the SPA and loading is quite heavy on
the components hence, neutralized sharing bridge is a good
option. Detailed performance comparison is given by [30].

D. HYBRID AMPLIFIERS

Traditionally, analog drive circuits have held sway in the
realm of AMB due to their inherent virtues of high lin-
earity and minimal electromagnetic interference [54], [70].
However, a notable trade-off of analog drive circuits is their

VOLUME 11, 2023



K. P. Kamath et al.: Power Amplifiers and Their Feedback Mechanisms for AMB—A Comprehensive Review

IEEE Access

Yallls

Power Supply to AMB

Sensing Circuit

DSP28335

S d
= -
(i smcTdde
— i " Amplifier Circuit
Signal Proces reuit

” ; 2
Power Supply to DC* 1y, Cooperative Drive Circuit (DC?)

Rotor/AMB

FIGURE 19. Overall schematic of hybrid spa with AMB [4].

inherent energy inefficiency, resulting in a significant dissi-
pation of energy as heat within the driver integrated circuits.
Conversely, digital drive circuits exhibit comparatively lower
power losses, which has spurred extensive research over
decades to enhance their efficiency and performance [26],
[29], [38], [67], [78], [79], [80]. A recurring challenge in
digital drive circuits for AMB is the presence of pronounced
current ripple [71], [72]. To mitigate this issue, the widely
adopted recourse involves the implementation of a 3-level
PWM scheme. Yet, the problem of current ripple remains
more pronounced in digital drive circuits compared to their
analogue counterparts. Recent times have witnessed the
emergence of Switch-Linear Hybrid (SLH) power amplifiers
(Fig. 19), which capitalize on the strengths of both analog and
digital drive circuits [73], [74].

Hybrid SPA was run using PC and MATLAB/Simulink
using a DSP chip with I/O by [4]. The circuit uses MOSFET
in the saturation region as well as in linear region for switch-
ing amplification and linear amplification respectively. The
2-level PWM signal is passed through a Digital to Analog
Converter (DAC) and then fed into the gate pin for use in
linear region. If the circuit needs to be run in switching
mode, then the PWM signals are fed directly into the gate
of the MOSFET. Schmitt Trigger is used to detect timing
change between switching and linear amplification. After
conducting the experiments, it is shown that when compared
to a conventional 2-level PWM modulator, the reduction in
peak-to-peak current ripples amplitudes is notably enhanced,
with an improvement of up to 62%.

These SLH power amplifiers typically amalgamate a lin-
ear power amplifier with a 2-level switching power supply.
However, a critical consideration arises from the need for the
switching frequency of the 2-level switching power supply
to vastly surpass the tracking bandwidth of the SLH ampli-
fier [75]. This prerequisite, while addressing high-frequency
switching losses, introduces a conundrum due to the resulting
switch-related losses [75]. In response, a proposal advocates
the replacement of the 2-level switching power supply with a
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multilevel converter to augment the overall power efficiency
of SLH power amplifiers.

Hybrid amplifiers (Fig. 20) combine the advantages of both
linear and switching amplifiers to achieve a balance between
linearity and efficiency [60], [70]. This approach effectively
minimizes the number of switching components compared to
the full bridge type, while simultaneously achieving superior
current regulation performance. These amplifiers employ a
linear amplifier for small signal amplification and a switching
amplifier for large signal amplification. This approach allows
for improved efficiency while maintaining good linearity and
low distortion.

A novel concept that combines the benefits of a tradi-
tional analog power amplifier and a switching amplifier was
introduced by [56]. The advantages of this new approach are
demonstrated through numerical simulations and experimen-
tal measurements, highlighting its superiority over a standard
switching amplifier.

In hybrid amplifiers, the input signal is split into two paths:
a small-signal path and a large-signal path. The small-signal
path is amplified using a linear amplifier, which provides
accurate control of the rotor position and small perturbations.
The large-signal path, responsible for generating significant
driving forces, employs a switching amplifier for higher effi-
ciency and power handling capabilities [4].

Hybrid amplifiers offer a compromise between the lin-
earity of linear amplifiers and the efficiency of switching
amplifiers [76]. They are well-suited for AMB where a
wide dynamic range of forces is required, allowing for accu-
rate control at low amplitudes and high efficiency at high
amplitudes. Regrettably, the ‘multilevel’ approach demands
a greater number of electronic components, potentially com-
promising the circuit’s overall reliability. Furthermore, the
heightened circuit complexity exacerbates challenges associ-
ated with time delays, thereby impacting the quality of rotor
dynamic control.

More computational power is necessary and complexity of
the power amplifier, cost is higher, size and weight of the
PCB is bigger than SPA [60], [76]. Due to the combination
of different amplifier types, hybrid amplifiers can generate
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FIGURE 21. Graph of output characteristics comparison of high frequency
isolation transformer vs optocoupler isolation gate driver with voltage
feedback control in SPA.

more heat than single-type amplifiers. Effective heat dissipa-
tion becomes crucial to avoid overheating issues and ensure
system reliability. The integration of different amplifier tech-
nologies introduces more components and points of failure,
potentially reducing the overall reliability of the AMB. Lim-
ited standardization in hybrid amplifier configurations can
vary significantly depending on the specific application and
requirements, standardization might be challenging, making
it more difficult to interchange or upgrade components in the
system.

E. GATE DRIVE CIRCUITRY

There are few types for isolation in gate drivers like opto-
coupler driven and high frequency isolation transformer
driven [77].

Here voltage feedback 1 is current response of SPA by
using high frequency isolation transformer and voltage feed-
back 2 is by using optocoupler isolation gate driver in voltage
negative feedback testing of Half H Bridge topology SPA
(Fig. 21) [77].

In Fig. 22 current feedback 1 is current response of SPA by
using high frequency isolation transformer and current feed-
back 2 is by using optocoupler isolation gate driver in voltage
negative feedback testing of half H Bridge topology SPA
[77]. Thus, we can see that high frequency isolation trans-
former has better response compared to optocoupler isolation
gate driver, but the design is complex since magnetics are
involved. Fault tolerant gate drive circuitry had been designed
in [78] for SPA. Researchers employed Texas Instruments
DRV8412 PWM H-bridge driver with a capacity to provide
up to 3 A of continuous current and a peak current surge
of 6 A, the DRV8412 driver facilitates the amplification of
low-level PWM signals from a Piccolo controller up to 24 V
[79]. Usually, Infineon IR2112 series are used which have
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in built bootstrap for driving high side MOSFETs in the H
bridge of SPA.

F. LOGIC LEVELS AND OUTPUT VOLTAGE LEVELS

In flywheel energy storage a 48 V and 60 V logic level
was used [80]. Few others have used 100 V and maximum
up to 200 V for small and medium size AMB. For large
scale applications 1000 V AMB is also used with specialized
switching components and gate drives [10].

In the early development of AMB [31], linear analog power
amplifiers were used due to their ease of implementation and
control. Although they offered advantages such as less current
ripple and noise, as well as greater bandwidth, they suffered
from significant power losses and inefficiency, particularly
at higher power ratings. To address these limitations, SPA
was introduced, offering reduced power losses by operating
at high voltage and high current levels only during short
periodic intervals. 2-level and 3-level SPA are commonly
used in AMB systems. The current ripple of the 2-level SPA
depends on the DC supply voltage. While boosting the DC
supply voltage can improve dynamic characteristics, it also
increases the current ripple. In contrast, the 3-level PWM
switching power amplifier proposed exhibits current ripple
independence from the supply voltage and maintains smaller
ripple levels compared to the 2-level PWM SPA. This fea-
ture allows for the enhancement of power amplifier dynamic
characteristics through boosted DC supply voltage without
sacrificing the benefits of reduced current ripple. The results
are measured and compared with those of a standard 2-level
PWM SPA. The findings support the superiority of the 3-level
PWM SPA in terms of reduced current ripple, which can
contribute to improved dynamic characteristics of the AMB
system.

G. FEEDBACK MECHANISMS
The electrical signal obtained from the current sensor
might require some conditioning before being fed into the
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control circuitry. Signal conditioning ensures that the cur-
rent measurement is accurate, stable, and compatible with
the requirements of the control system and amplifier. Signal
conditioning can involve several steps, such as amplification,
filtering, analog to digital conversion. Once the current is
measured and converted into a suitable form, it is fed back to
the control circuitry of the SPA (Fig. 23). The control system
uses this feedback information to adjust the duty cycle and
frequency of the switching pulses to maintain the desired
current and magnetic field strength for precise control of the
shaft’s position.

Ensuring precise current measurement is crucial for
achieving the desired closed-loop performance of the cur-
rent amplifier. The utilization of digital control in SPA for
current tracking introduces inherent time delays, occurring
simultaneously [21]. These delays primarily originate from
the processes of AD conversion, DSP computation, and PWM
generation. Each of these time delays introduces a phase shift
in the control loop, leading to an inevitable degradation of
the system’s performance, resulting in slower response and
reduced ability to reject current ripple and handle load distur-
bances or parameter variations [81]. This issue is particularly
critical for magnetic bearings with high rotor speeds, large
inductance, and strong gyro effects, where an excessively
large phase shift can even jeopardize the stability of the
closed-loop system [82], [83].

The existing approach for measuring the PWM carrier
component was introduced in [84], while a model-based esti-
mator with linearization was presented in [85]. To implement
the system in real-time, it was necessary to calculate the
relationship between harmonic current and the duty ratio of
the modulator, as discussed in [84].

The current sensor design consisting of a current mirror
and differential amplifier was used in [86] which was similar
to applications of current sensing that was used in PWM
drives for SRM motors which also use sample and hold
techniques [87], it requires complex circuitry and all of them
to work in proper sync [80].

A novel current-sensing resistor network was designed
for incorporating current derivatives in PWM Half H-bridge
unipolar SPA was introduced in [19] as shown in Fig. 24.

Researchers in [88] attempted to perform system order
reduction by utilizing a controlled current source to excite the
magnet coil. Many researchers have utilized voltage as the
stimulating input for the magnet coil, leading to a third-order
unstable system. In contrast [88], controlled current source
is used to excite the magnet coil, resulting in a simpler
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second-order transfer function, albeit still unstable for the
system.

Experimental validations in [18] showed deviations while
taking current feedback from the circuit. Gain errors in detec-
tion circuit and quantization errors in ADC, noise and drift in
analogue circuit was emphasized.

Simple Hall-effect current sensors are susceptible to drift
[18]. In [89], presented a transformer-based current sens-
ing circuit, and further developed it to ensure compatibility
with digital control operations. While this method offers the
advantage of isolation, enabling direct measurement of the
actuator’s DC current, it necessitates additional timing and
control circuitry. Both aforementioned solutions have draw-
backs in the context of AMB. Notably, they lack the ability to
measure both positive and negative currents using the same
setup or fixture. In [52] an equation (Eq. (1)) was used to find
current from the pulsating voltages hence directly allowing it
to be coupled to ADC of the microcontroller controlling the
SPA.

ey

. Rl +R2 RIN I
iaoc = |Vapc — | ——) Vo

R1 R2Rs D

Research work in [80] utilized an instantaneous current
measurement at specific intervals through a shunt resis-
tor. During this process, an analog-to-digital converter is
employed to convert the measurement signal into digital data,
which is then fed back to the control device (Fig. 25). This
method allows for a bipolar measurement, but it necessitates
a differential amplifier with a high common-mode rejection
ratio (CMRR) to accurately gauge the voltage drop.

The ABS stands for absolute value function because the
ABS part of the demodulator [3] is nonlinear, it is difficult to
precisely model how current is processed within the envelope
detector. In this sensor less AMB setup the high-frequency
current can be obtained from the sensed currents using a band
pass filter (BPF). Additionally, the magnitude of the cosine
term can be determined by filtering the product of the current
and -2sinwt through a low pass filter (LPF) [90]. Moreover,
it is essential to extract the fundamental current and employ
it as feedback for the current controller. The resulting signal
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FIGURE 26. Current sensing after signal conditioning using LPF [4].

can be sent as control signal into the controller for controlling
the output current of the SPA [90].

LPF filtering of output from half bridge or full H bridge is a
common practice in Class D audio amplifiers. This technique
was extended into AMB SPA like the filters used in pure sine
wave inverters. The value of inductance kept in series with
the load and capacitor in parallel with the load have some
calculations to achieve smooth output. This output can be
easily detected by current sensors and can be fed into the
ADC for PI current control. Usually, they are used with sine
wave inverters [91].

Recently a non-intrusive type of sensor was used to mea-
sure the current in the AMB coils, by passing the signal from
the sensor through a LPF and then measuring it suitably after
converting it from analog to digital in [4]. The signal voltage
drops after passing from the LPF hence voltage level needs
to be properly conditioned before sampling it in the ADC
(Fig. 26). This work finally simplified the current sensing
technique and is also utilized by inverters with feedback since
it is simple to use and reliable.

Several types of current sensors can be employed, depend-
ing on the specific application and requirements. They are
hall-effect sensors [92], current transformers [52], integrated
circuit-based current monitors, shunt resistors [80]. Of these
hall-effect sensors are widely used due to their non-intrusive
design. Three types of current sensing techniques were used
in PWM drives namely, low side sensing [93], high side sens-
ing [94] and inline sensing [94]. Schematic in Fig. 27 shows
the various current sensing techniques in SPA. Of these, inline
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sensing is a highly effective technique and frequently used in
drives requiring high accuracy.

In SPA for AMB, current sensing is typically achieved
using shunt resistors and current sensors. Current sensors are
used to measure the voltage drop across the shunt resistors
and convert it into an electrical signal that represents the
current magnitude. Hall-effect sensors are commonly used in
AMB due to their non-intrusive nature and isolation from the
high-voltage switching circuitry. These sensors are usually
built up from opams with high CMRR [57]. The current
feedback usually consists of PWM noise called ripple hence,
current cannot be directly measured [95], therefore demodu-
lation [96] techniques are used to remove all the harmonics
in the signal by using a BPF (8th order) firstly then superim-
posing another wave like sine or cosine after which its passed
through a LPF (3rd order) [95].

In [4], a LPF was used to condition the signal from a hall
effect sensor placed in-line sensing mode with the electro-
magnetic coil of AMB, then it was directly sent to controller
via ADC. This simplified the technique used by [96] and also
reduced the load on the LPF which was kept in- line with the
load as in [91], hence reducing the cost and size of the SPA.

H. CONTROL TECHNIQUES

Three types of control strategies were used in SPA of AMB
namely, voltage control, current control, flux control. In the
voltage control mode, the voltage is the output variable, while
in the current control mode output current from SPA is vari-
able, and in the flux-controlled mode magnetic flux density
is controlled. Of the these, flux control is very complicated
hence voltage control and current control are usually used in
SPA. The voltage-controlled mode provides accurate model-
ing, higher robustness, but the current control is even simpler
and less complex.

Current negative feedback requires a lower driving voltage
compared to voltage negative feedback, when considering the
same conditions [77]. The optimal choice for a digital current
control AMB is the synchronous three-level PWM scheme.
By adopting this scheme, the benefits of voltage control
AMB can be fully utilized in a digital current control setup,
enhancing disturbance response, and reducing switching
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frequency by about twenty times compared to asynchronous
modes. This eliminates the need for specialized high-speed
components and reduces current harmonics and eddy current
losses for improved AMB performance [76]. Thus, combi-
nation of current and voltage control is superior, but circuit
is more complex and can be used in very large plants [31].
The voltage-controlled mode provides accurate modeling,
higher robustness, and ease of implementation. Accurately
controlling the current needs accurate sensing of current in
the coil. Thus, current sensor as suggested in [52] must be
carefully selected. The current-controlled mode has a simpler
setup as depicted in [88]. Typically, AMB systems use the
current-controlled mode with high stiffness, neglecting the
inner current loop dynamics. The proposed inner feedback
loop for the SPA relies on current feedback. Sensors measure
the coil current on the output side, compared with the refer-
ence current from the current controller. The resulting control
signal is applied to power the AMB coils [97].

1) ANALOG CONTROLLER

The existing controller processes the signal by comparing
the outputs of the position controller and the current sensor.
It then generates feedback signals based on the controller’s
tuned parameters. The output of this controller dictates the
current flowing through the electromagnet, which, in turn,
generates magnetic force proportional to the current intensity.
Typically, the PI controller (as shown in Fig. 28) is chosen for
the role of the current controller. PI controllers are preferred
by control system engineers due to their reputation for sim-
plicity and robustness [88].

2) DIGITAL CURRENT FEEDBACK AND CONTROLLER

There are two types of digital control, which are linear
control and nonlinear control. In linear control the output
current is measured and then compared with the desired
current reference [10], [62]. The resulting current error is
then amplified using a controller block, which generates a
corresponding voltage command. To ensure that the voltage
command remains within the bounds of the PWM triangular
carrier waveforms, a limiter block is employed. This con-
troller amplifies the current error, limiting the output between
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—1 and 1, which corresponds to the amplitude of a PWM
triangular waveform. This avoids operation at overmodula-
tion [33]. The limiter output, or feedback voltage, is then
compared with a PWM carrier triangular waveform operating
usually at a frequency of 10 kHz. The resulting comparator
output logic is used to control the main power-switching
devices. The current error is amplified, and a voltage com-
mand is generated, which is limited by a limiter block. The
current response is good for small step changes in the current
command. However, for large step changes, the response
can be improved by increasing the proportional gain and
using a high-cut filter to remove high-frequency oscillations
[20]. By employing PWM, it becomes feasible to eliminate
a portion of the lower-order harmonics effectively, while
also facilitating the straightforward filtration of higher-order
harmonics. This process significantly enhances the quality
of the output. With significantly increased proportional gain,
the system approaches the nonlinear current control method.
Overall, the linear current feedback method performs well
with appropriate adjustments.

Nonlinear control in SPA is usually realized with a hystere-
sis controller as suggested by [10]. This is simpler than other
controllers like delta modulation controller, sliding mode cur-
rent controller, adaptive current controller, fuzzy logic current
controller, neural network-based current controller, predictive
current controller, resonant current controller etc.

The identified current is compared with the desired current
setpoint to calculate the current deviation. This deviation
is subsequently input into a hysteresis module, responsi-
ble for generating a binary control signal for the primary
power-switching components. These components work in
conjunction with a phase-locked loop to determine the opti-
mal switching actions [98].

IV. PERFORMANCE CONSIDERATIONS

A. RESPONSE CHARACTERISTICS

After the simulations of all the different blocks of SPA,
performance considerations [111] such as step, sinusoidal
current and mutation have to be looked into.

The step response simulation demonstrates the system’s
rapid and stable reaction to sudden changes, indicating a
well-designed control strategy and efficient dynamic perfor-
mance. The sinusoidal current response analysis reveals the
system’s ability to accurately track and maintain a smooth
sinusoidal waveform, showcasing its robustness in handling
cyclic variations and maintaining desired currents. The muta-
tion response simulation provides insight into the system’s
adaptability and resilience against unexpected perturbations,
highlighting its potential to effectively handle dynamic muta-
tions and ensure reliable operation in varying conditions.
Techniques for calibration of SPA was used in [99], hence
better performance of SPA can be achieved.

While selecting a power amplifier for an AMB system,
it is essential to consider the desired linearity, efficiency,
harmonic distortion, bandwidth, and transient response
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characteristics. The specific requirements of the AMB appli-
cation and the trade-offs between different performance
metrics will determine the most suitable power ampli-
fier topology. Advances in power amplifier design, control
algorithms, and filtering techniques continue to improve
the performance of power amplifiers for AMB, enabling
enhanced control, stability, and efficiency in these systems.

B. LINEARITY

Linearity refers to the ability of the power amplifier to
accurately reproduce the input signal without introducing
distortion or non-linearities. In AMB, precise control of the
magnetic forces is crucial for accurate positioning of the
rotor. A linear amplifier offers excellent linearity, faithfully
reproducing the input signal and minimizing any deviations
or distortions. This ensures precise control and stability of the
rotor position. However, it should be noted that linear ampli-
fiers may have limited efficiency compared to other amplifier
topologies. Nonlinearities in the amplifier’s response can
result in harmonic distortion and affect the control perfor-
mance of the AMB system.

C. POWER RATING REQUIREMENTS

The power rating of a power amplifier is a critical considera-
tion in AMB systems. It depends on factors such as the size
and weight of the rotor, the required magnetic forces, and the
system’s dynamic response. The power amplifier should be
capable of delivering sufficient power to generate the required
magnetic field strength while ensuring stability and control of
the rotor [30].

D. SIZE AND INTEGRATION

The physical size and integration of the power amplifier
should be considered, especially in applications with lim-
ited space or weight restrictions. Compact and lightweight
amplifier designs facilitate easy integration into the overall
AMB system without compromising performance or reliabil-
ity [30].

E. EFFICIENCY

Two types of losses such as static (forward voltage drop) and
dynamic (switching devices don’t start or stop conducting
instantaneously when turned on or off [77]) determines the
efficiency in SPA. Efficiency is a measure of how effectively
the power amplifier converts the electrical input power into
output power. Efficiency is a vital performance metric for
power amplifiers in AMB, as it directly affects the overall
energy consumption and thermal management of the sys-
tem. Efficient amplifiers minimize power dissipation and
convert a higher percentage of the input power into useful
output power. Switching amplifiers, such as Class D ampli-
fiers, are known for their high efficiency due to their on/off
switching operation. They can achieve efficiency levels above
90%, significantly reducing power losses and heat generation.
Hybrid amplifiers also offer a good compromise between
linearity and efficiency by combining linear and switching
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amplifier topologies. High-efficiency power amplifiers mini-
mize power losses and reduce the need for extensive cooling
mechanisms.

F. THERMAL MANAGEMENT

Power amplifiers generate heat during operation, and efficient
thermal management is essential to ensure their reliability and
longevity. Working of PCBs are usually limited —40°C to
125°C [80]. Effective cooling techniques, such as heatsinks,
fans, or liquid cooling, should be employed to dissipate the
heat generated by the power amplifier. It is very clear that
the eddy current loss by control current is very small and
switching ripple current plays the most important role [100].
Temperature sensors and control mechanisms can be inte-
grated to monitor and regulate the amplifier’s temperature,
preventing overheating and potential damage.

G. THERMAL EFFICIENCY

The reliability of SPA is positively influenced by operat-
ing at lower temperatures. Conversely, higher temperatures
enable more effective thermal utilization by enhancing the
amplifier’s electromagnetic excitation capability, leading
to improved efficiency. Moreover, it has been observed
that the strategic integration of thermal management and
advanced integration technologies within the design pro-
cess can substantially augment power densities of amplifiers,
consequently leading to a notable reduction in cost per
kilowatt [58].

H. HARMONIC DISTORTION

Harmonic distortion is characterized by the existence of
undesirable frequency components occurring at multiples of
the frequency of the input control signal. These harmonics
can result from non-linearities in the amplification process
and can have adverse effects on the performance of AMB.
Power amplifiers in AMB should produce minimal harmonic
distortion, as it can adversely affect the control performance
and stability of the system. The level of harmonic distortion is
typically quantified using metrics such as THD and intermod-
ulation distortion. The THD can be made as less as 0.133% in
voltage and 0.008% in current by using LPF a power filter in
the load line to convert PWM signal into a continuous signal.
Linear amplifiers generally exhibit lower harmonic distortion
compared to switching amplifiers [16]. However, with proper
design and filtering techniques, switching amplifiers can also
achieve acceptable levels of harmonic distortion in AMB
systems.

I. BANDWIDTH

The bandwidth of a power amplifier is the range of frequen-
cies over which it can effectively operate. In AMB, a wide
bandwidth is desirable to accurately control the position and
stability of the rotor across various operating conditions.
The amplifier should be capable of amplifying the desired
signal frequencies without significant attenuation or phase
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shift. Linear amplifiers typically offer a wider bandwidth
and better frequency response compared to switching ampli-
fiers, making them suitable for high-frequency applications.
However, advancements in switching amplifier design have
led to improved bandwidth capabilities, allowing them to
meet the requirements of many AMB applications. To achieve
effective high-bandwidth current control with the ability to
produce the desired orthogonal forces, a predictive con-
trol strategy has been introduced. This method presents
several benefits, such as quick dynamic response, elimi-
nation of modulation prerequisites, smooth incorporation
of nonlinearities and system limitations, the possibility of
integrating nested control loops into a single loop, and
adaptability to include other system necessities within the
controller [97].

AMB systems often require high bandwidth amplifiers
to achieve fast response times and accurate control. The
bandwidth of the power amplifier should be sufficient to
accommodate the changes in external circumstances, reaction
to control signals, and the system’s capacity to adapt to
different operating demands, which include rotor oscillations
i.e., the periodic or repeated motion of a rotor around its axis
of rotation. Additionally, the amplifier’s bandwidth should
be well-matched with the bandwidth of the control system
to ensure stability and avoid phase delays.

J. ELECTROMAGNETIC COMPATIBILITY (EMC)

Problems such as harsh sound and unexpected vibrations cre-
ated by current fluctuations in LC circuit which are the source
of EMI [101]. Power amplifiers in AMB systems should com-
ply with electromagnetic compatibility standards to prevent
interference with other electronic components or systems.
Proper shielding, grounding, and filtering techniques should
be employed to minimize electromagnetic emissions and sus-
ceptibility.

In conclusion, the design considerations provide a foun-
dation for developing power amplifiers tailored for AMB
systems. For example, a 20kHz switching frequency in SPA
can cause an EMI in the range of 0.3 MHz to 2 MHz [101].

K. TRANSIENT RESPONSE

Transient response refers to the ability of the power ampli-
fier to quickly and accurately respond to changes in the
input signal or disturbances. In AMB, rapid changes in the
magnetic forces may be required to counteract external dis-
turbances or position the rotor accurately. Power amplifiers
with good transient response characteristics enable precise
and responsive control. Linear amplifiers generally exhibit
better transient response due to their accurate signal repro-
duction capabilities. However, advanced control algorithms
and feedback systems can compensate for the slower transient
response of switching amplifiers, making them suitable for
many AMB applications, reducing the chances of instabilities
or vibrations.
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L. FAULT TOLERANCE

Fault tolerance is an important consideration for power ampli-
fiers in AMB [102]. It refers to the ability of the amplifier
to operate reliably and maintain system stability even in the
presence of faults or failures. Power amplifiers should be
designed to detect and handle fault conditions like voltage
saturation using anti windup controller [103], other problems
such as short circuits or open circuits [78], without causing
catastrophic effects on the AMB system. Redundancy and
fault detection mechanisms can be implemented to enhance
the fault tolerance of power amplifiers [14].

M. PROTECTION MECHANISMS

Power amplifiers in AMB systems should incorporate pro-
tection mechanisms to safeguard against faults and failures,
because the size of the AMB increases depending on the
load carrying capacity. The coil size also increases so does
the inductance value, giving rise to higher back emf or
voltage spikes while switching off the coils during PWM
control. Overcurrent protection, overvoltage protection, and
short-circuit protection are essential features that prevent
damage to the power amplifier and the AMB system. Since
levitation system is mechanical and not electrical failure,
switches can take over whenever there is fault, and it can
be made fail safe. Additionally, fault detection and diagnos-
tic capabilities enable early detection and identification of
potential issues, allowing for timely maintenance and system
integrity [14].

V. HARDWARE REALIZATION OF SPA

The comparison between the triangular wave of the current
controller and its output is conducted using a comparator,
which is implemented using an op-amp TL084 [104]. Inverter
ICs can be configured for H bridge like FSAM10SH60A
with 500 W output with input gate drivers were used in [105].
To enable accurate duty ratio regulation of the MOSFET
switch, a 28 kHz triangular wave is generated. This trian-
gular waveform is then compared with the output of the PI
controller from the current loop. The hardware realization of
SPA is shown in Fig. 29.

The comparator’s output does not provide adequate signal
strength to control the MOSFET switch’s gate. To address
this, the output is directed into an inverting buffer circuit
employing a 555-IC. The resulting inverted output from the
555 buffer is then linked to the MOSFET gate through 100 €2
resistors [104].

In order maintain a balance between device temperature
and favorable track temperature the track width needs to be
determined by using IPC 2221 [58]. The selection of copper
weight needs a balance between accommodating high current
flow and ensuring an optimal temperature rise, crucial for
the dependable performance of the amplifier. Static Induction
transistors were used for switching in very high-power SPA
used in nuclear power turbine AMB. These switch loads up
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CONTROL CIRCUIT

FIGURE 29. Hardware of SPA [106].

to 1000 V [107]. By implementing increased copper weights,
designers can access various benefits including [58], [79]:

« Enhanced resilience against thermal strains, leading to

heightened mechanical strength at connector locations.

« Expanded capacity for carrying higher amperage.

o Compact amplifier designs achieved by integrating mul-

tiple copper weights within the same circuitry layer.

« Streamlined cable routing processes.

The production of PCB with elevated copper weights allows
the integration of high-current circuits with thicker copper
plating in vias. The use of plated through holes negates the
necessity of adding duplicate parallel layers, effectively elim-
inating concerns related to load distribution across multiple
layers. This approach simplifies the measurement of temper-
ature rise on boards and mitigates failures caused by thermal
stresses, ultimately resulting in a PCB that runs cooler and
exhibits enhanced reliability [108]. EMI filters play a crucial
role in minimizing ringing on output lines, with a key empha-
sis on preventing any potential issues related to overheating.
‘Gate turn-off resistor’ is needed to reduce turn off transients.
Common mode filters and differential mode filters are used
to increase current rating and to reduce EMI effects.

The basic parameters of the SPA for small AMB in general
have a DC bus voltage 150 V, the switching frequency fs
equals 20 kHz [3], and the coil resistance (R) and inductance
(L) are 2.1 2 and 5.3 mH respectively. Two MOSFETS
(IRFP450) or Intersil HIP408 and two fast recovery diodes
(MUR1560) can be used for any of the above H bridge topol-
ogy depending on the working conditions. Arduino GPIO
can be used to interface LabVIEW with the SPA of AMB
[49]. The gate driver IC can be IR2112 [4] depending on
the working voltage and slew rate as indicated by equations
in [109] of the particular end application different variants
can be used. Some researchers suggest human machine inter-
facing can also be used along with UART communication
[79]. The actual current of the coil can be sensed by a Hall
effect current sensor of LEM make. PCB can be made by
sharing the Gerber files designed in CadSoft Eagle to vendors
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FIGURE 30. TMS320F28035 control card for Realtime control [79].

like JLCPCB, PCBWay etc [110]. Complete guidance on
common grounding to avoid voltage spikes from damaging
the PCB is mentioned in [110]. Authors in [111] provide
complete design aspects of SPA to interface with Arduino and
MATLAB.

VI. RECENT ADVANCMENETS IN SPA OF AMB

This section highlights recent advancements in power ampli-
fier technology for AMB. It discusses emerging techniques,
such as digital control, advanced modulation schemes, and
adaptive control algorithms, which aim to improve the effi-
ciency, accuracy, and robustness of power amplifiers in AMB
systems. In addition, various intelligent controllers, including
Fuzzy Logic controllers, Artificial Neural Networks, Genetic
Algorithms, Particle Swarm Optimization, H infinity, Feed-
back, PIDD, and LFT [2], are highlighted.

A. RTOS IN MICROCONTROLLER IMPLEMENTATION FOR
AMB CONTROL

FreeRTOS and OpenRTOS was run on ATmega 338P micro-
controller in [47]. This approach reduces the footprint of
the device as whole and can perform the task in restricted
resources. Realtime embedded microcontroller for control of
AMB was used in [79] (Fig. 30). The difficulty in implemen-
tation is the open-source licensing and the technology has not
been standardized yet, hence industrial implementation is not
realizable yet.

B. SENSOR LESS AMB

The working principle of sensor less AMB involves using
advanced algorithms and signal processing techniques to
monitor and control the position and motion of a rotating
shaft [112]. Instead of relying on external sensors to directly
measure the shaft’s position, these bearings utilize the elec-
tromagnetic properties of the system itself. By analyzing
the electrical currents and voltages applied to the magnetic
coils, the system can infer the shaft’s position and adjust the
magnetic forces accordingly. They detect the shaft position
through ripple current feedback [96]. In [84], [85], and [113]
use an innovative approach which eliminates the need for
physical position sensors, reducing complexity and potential
failure points while enabling precise and stable levitation and
rotation control.
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FIGURE 31. Experimental validation of normal PWM modulation vs delta
modulation.

C. DIGITAL CONTROL

Digital control techniques have gained popularity in power
amplifier design for AMB. Digital control offers advan-
tages such as improved precision, flexibility, and the ability
to implement advanced control algorithms. One approach
involves using high-speed DACs to generate the control
signals for the power amplifier. These DACs offer high
resolution and accuracy, enabling precise control of the elec-
tromagnetic forces in the AMB system.

Furthermore, digital control allows for the implementa-
tion of DSP algorithms to enhance the performance of the
power amplifier. These algorithms can compensate for non-
linearities, improve transient response, and provide fault
detection and fault-tolerant capabilities. Additionally, digital
control facilitates the integration of power amplifier control
with other system components, enabling more comprehensive
system-level optimization.

D. ADVANCED MODULATION SCHEMES

Advanced modulation schemes have been explored to
improve the efficiency and performance of power ampli-
fiers in AMB. Traditional modulation techniques, such as
PWM, suffer from switching losses and harmonic distortion.
To address these issues, advanced modulation schemes like
sigma-delta modulation (SDM) and space vector modulation
(SVM) have been investigated. Sigma-delta modulation is a
technique that converts high-resolution digital signals into
low-resolution, high-frequency bitstreams. It reduces quanti-
zation noise and provides high linearity and accuracy. SDM-
based power amplifiers have shown improved efficiency
and reduced harmonic distortion, making them suitable for
high-performance AMB systems. Their efficiency is more
compared to normal PWM modulation techniques. Pvl in
Fig. 31 is normal PWM modulation and Pv2 is by delta
modulation [114].

Space vector modulation is another advanced modula-
tion scheme that optimizes the switching pattern of the
power amplifier to minimize losses and harmonic distor-
tion. By considering the magnetic field vectors generated
by the AMB coils, space vector modulation achieves more
efficient utilization of power semiconductor devices. This
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results in improved efficiency and reduced torque ripple in
AMB systems.

E. ADAPTIVE CONTROL ALGORITHMS

Adaptive control algorithms have been applied to power
amplifiers in AMB to enhance their performance in dynamic
operating conditions. These algorithms adaptively adjust the
control parameters based on the real-time system response,
compensating for variations in the rotor dynamics, envi-
ronmental conditions, and other factors that may affect
the AMB system. One example is adaptive feedback lin-
earization control, which uses a mathematical model of the
AMB system to estimate and compensate for nonlinearities.
By continuously updating the model parameters based on
the system’s response, adaptive feedback linearization control
improves the tracking accuracy and stability of the AMB
system. Another adaptive control approach is model pre-
dictive control (MPC), which utilizes a dynamic model of
the AMB system to predict the future behavior of the rotor
and optimize the control actions accordingly. MPC considers
constraints, such as current and voltage limits, and system
dynamics, enabling precise control and stability even in the
presence of disturbances or variations [97], [102], [115],
[116], [117], [118].

Recent advancements in power amplifier technology for
AMB have focused on digital control, advanced modulation
schemes, and adaptive control algorithms. These advance-
ments have demonstrated improvements in efficiency, accu-
racy, and robustness of power amplifiers in AMB systems.
By leveraging digital control techniques, advanced modula-
tion schemes, and adaptive control algorithms, researchers
and engineers are pushing the boundaries of power ampli-
fier design to achieve higher performance and reliability in
AMB applications. These advancements pave the way for the
development of more efficient, compact, and intelligent AMB
systems with enhanced control capabilities.

VII. CHALLENGES AND FUTURE DIRECTIONS

The challenges and potential future directions in power
amplifier technology for AMB are addressed in this section.
Key challenges, including cost, size, and complexity, are
discussed along with potential solutions. Additionally, the
integration of power electronics with other components of
the AMB system and the development of intelligent control
strategies are explored as areas for future research.

A. COST CONSIDERATIONS

One significant challenge is the cost associated with power
amplifiers for AMB. The high precision and high-power
requirements of these amplifiers often result in expensive
components and complex manufacturing processes. Future
research should focus on developing cost-effective solutions,
such as exploring alternative semiconductor materials, opti-
mizing circuit topologies, and leveraging advancements in
manufacturing techniques to reduce production costs.
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B. SIZE AND WEIGHT CONSTRAINTS

The size and weight of power amplifiers can pose challenges
in AMB applications where space is limited, such as in
small-scale machinery or portable systems. Miniaturization
techniques, integration of components, and efficient thermal
management strategies are potential approaches to reduce the
size and weight of power amplifiers without compromising
performance. Additionally, exploring advanced packaging
technologies, such as three-dimensional integration, could
lead to more compact and lightweight amplifier designs.

C. COMPLEXITY AND CONTROL

Power amplifiers in AMB require sophisticated control algo-
rithms to ensure accurate and stable positioning of the rotor.
The complexity of these control systems can make them chal-
lenging to implement and maintain. Future research should
focus on developing intelligent control strategies like that in
[122] simplify the system architecture, enhance the ease of
integration, and improve overall system robustness. Addition-
ally, advancements in digital control techniques and signal
processing algorithms can facilitate the implementation of
complex control schemes with reduced complexity.

D. EFFICIENCY AND ENERGY CONSUMPTION

Efficiency is a critical consideration for power amplifiers,
as inefficient designs can lead to excessive power dissipation
and increased energy consumption. Improving the efficiency
of power amplifiers in AMB can have significant implications
for energy savings, reduced heat generation, and enhanced
system reliability. Researchers should explore novel power
amplifier topologies, advanced switching techniques, and
optimized power management strategies to achieve higher
efficiency without compromising other performance param-
eters.

E. FAULT TOLERANCE AND RELIABILITY

Ensuring fault tolerance and high reliability is crucial for
AMB systems as suggested by [119], any failure in the
power amplifier like failures in PWM modulation [35] can
lead to catastrophic consequences. Future research should
aim to enhance the fault tolerance and reliability of power
amplifiers by incorporating redundancy, fault detection and
diagnosis algorithms, and robust protection mechanisms. The
development of self-monitoring capabilities can contribute to
the overall system reliability and minimize downtime. Some
researchers used switches in parallel in case of failure of
switches.

F. ADVANCED MATERIALS AND TECHNOLOGIES

Advancements in materials and technologies can also drive
improvements in power amplifier design for AMB. Explor-
ing new semiconductor materials with superior performance
characteristics, such as wide-bandgap devices (e.g., silicon
carbide), to achieve higher power density, better thermal
properties, and improved switching speeds. Furthermore,

132910

advancements in packaging technologies, such as chip-scale
packaging and power module integration, can enhance the
performance and reliability of power amplifiers in AMB.

Several potential future research directions exist for power
amplifiers in AMB. These include investigating advanced
modulation techniques to improve the dynamic response and
reduce harmonic distortion, exploring digital control algo-
rithms for enhanced precision and flexibility, and integrating
power amplifiers with emerging technologies such as artifi-
cial intelligence.

G. ADVANCED MODULATION TECHNIQUES

Exploring advanced modulation techniques can significantly
improve the dynamic response and reduce harmonic distor-
tion in power amplifiers for AMB. Techniques such as PWM,
sigma-delta modulation, or advanced modulation schemes
like space vector modulation can be investigated. These tech-
niques enable precise control of the magnetic forces while
minimizing undesirable harmonics and improving the effi-
ciency of power amplifiers. Resonant switching techniques
can also be combined [16] as suggested by [15]. Managing the
current of an inductive load with low damping can be chal-
lenging due to its inherent instability. To address this issue,
voltage-mode control is implemented in a front-end buck
converter, which adjusts the load current envelope through
a downstream resonant boost inverter, effectively stabilizing
the system. The resonant boost inverter is represented by
a low-frequency equivalent circuit, and a control loop is
designed to prevent any unwanted interaction between the
buck converter and the resonant boost inverter.

H. DIGITAL CONTROL ALGORITHMS

The integration of digital control algorithms can offer
enhanced precision and flexibility in power amplifiers for
AMB. Digital control techniques provide the ability to imple-
ment complex control schemes, adaptive algorithms, and
advanced signal processing methods. Research in this area
can focus on developing efficient digital control algorithms
that optimize performance, robustness, and energy efficiency
of power amplifiers in AMB.

I. INTEGRATION WITH ARTIFICIAL INTELLIGENCE (Al)

The integration of power amplifiers with emerging tech-
nologies such as artificial intelligence (AI) holds significant
potential for improving the performance and efficiency of
AMB systems. Al algorithms can be employed for real-time
control optimization, fault detection, and predictive main-
tenance of power amplifiers. Exploring Al-based control
strategies, machine learning algorithms, and neural networks
to enhance the intelligence and autonomy of power amplifiers
in AMBs.

J. HIGH-FREQUENCY OPERATION

Investigating high-frequency operation of power amplifiers
can lead to improved performance and reduced system
size in AMB. Higher switching frequencies enable smaller
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magnetic components, such as inductors and transformers,
and can result in higher power density and increased system
bandwidth. Focusing on developing power amplifiers that
can operate at higher frequencies while maintaining high
efficiency and low distortion.

K. MULTI-OBJECTIVE OPTIMIZATION

Multi-objective optimization techniques can be employed
to simultaneously optimize different performance metrics
of power amplifiers in AMB. These metrics may include
efficiency, linearity, bandwidth, harmonic distortion, and
transient response. By considering multiple objectives,
developing power amplifier designs that strike a balance
between conflicting requirements and improve overall system
performance.

L. INTEGRATED POWER ELECTRONICS SYSTEMS
Integrating power amplifiers with other power electronics
systems in the AMB setup can lead to more compact and
efficient designs. Exploring the integration of power ampli-
fiers with power management modules, voltage regulators,
and energy storage systems to enhance system performance,
reduce power losses, and improve overall system reliability.

M. ADVANCED PACKAGING AND THERMAL
MANAGEMENT

Advancements in packaging technologies and thermal man-
agement techniques can help to address the size, weight, and
thermal challenges associated with power amplifiers in AMB
[58]. Research can focus on developing advanced packaging
solutions such as three-dimensional integration, chip-scale
packaging, and enhanced thermal dissipation methods to
improve the reliability and performance of power amplifiers
in AMB. Utilizing energy from coils of AMB to cool the
PCB boards during de-energizing cycles of the H Bridge, can
improve the energy efficiency of the system.

N. CONDITION MONITORING

Remote condition monitoring of AMB was addressed in
[41] and [49] using off-the-shelf IoT hardware and custom
software. The proposed solution allows OEM technicians to
observe AMB signals remotely, reducing the need for on-site
service calls and minimizing downtime. VNC server and
VNC client was used with Secure Shell (SSH) to plot FFT
of magnetic levitation system. The successful demonstration
on an AMB test rig proves the economic and effective nature
of this approach to be extended for controlling AMB by
controlling the coil currents using SPA. Future developments
could focus on cybersecurity measures, a mobile application
for remote monitoring, and real-time capabilities to create a
cyber-physical system. This advancement would enable tech-
nicians to diagnose and potentially fix AMB issues remotely,
some researchers have used ultra-high speed cameras to mon-
itor vibrations like in [123] which can also be applied in the
field of AMB. The ADS1115 4-channel 16-bit ADC was
used, which was purchased from Adafruit Industries, LLC
breakout board. The communication between the Raspberry
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Pi and the ADC was established using the standard 12C dig-
ital communication protocol. This protocol necessitates two
wires: one for data transfer and the other for a timing trigger to
measure the shaft displacement from eddy sensor probes. PID
loop can be run on the Raspberry Pi and the command signals
for current control to actuate the electromagnets can be sent
as PWM signals or as analog signal by using an intermediate
DAC, into the SPA which uses an internal PI controller to
regulate the current thus, reducing the computational load on
the Raspberry Pi. This technique can reduce AMB cost [120]
and can make AMB an open-source setup and compact.

O. COUPLED SIMULATIONS

In research work of [37], coupled analysis of electronic circuit
of SPA with electromagnets of AMB was presented. Yet
there is lot of scope for further studies that include cou-
pled simulation between Simplorer and ANSYS Maxwell
featuring different converter topologies with different types
of controllers for feedback.

VIil. CONCLUSION

A comprehensive overview of power amplifier technologies
for AMB has been presented. It highlights the importance of
power amplifiers in achieving high-performance control and
stability in AMB systems and provides complete information
on design of electronics related to SPA. The following con-
clusions are drawn related to the design and selection of SPA
for AMB systems.

Switching signal circuit: Multiple modulation techniques
are employed in power electronics, such as PWM, cur-
rent hysteresis, sample-hold, and minimum pulse width
modulation. Yet, practical use has shown limitations in hys-
teresis and sample-hold methods. Hysteresis is vulnerable to
short pulses, impacting efficiency or causing device failure.
Sample-hold resists short pulses but introduces harmonic
distortion and dead band, especially at low signal amplitudes.
To address these issues, minimum pulse width modulation
combines the strengths of both hysteresis and sample-hold
but requires more complex control signals. Among these
techniques, PWM is the most widely adopted and researched,
successfully applied in numerous power electronic systems
[31]. PWM technique is best suited because in the realm of
SPA, Due to the challenges posed by control signals crossing
the high current wires, the switches needed to be organized
in a linear configuration instead of the conventional H-bridge
formation. If applications involve large distances between
amplifier and the load, then dynamic termination circuits are
needed [38].

Selection of converter as per requirement:

o Unidirectional current is sufficient for the working of
AMB hence Half bridge topologies are best suited [30].
Asymmetrical H Bridge is best suited amongst all the
topologies, since it has the least number of switches,
less usage of capacitors and other passive components
on the switching side, reduced cost, size and complexity.
The half-bridge topology offers fast response and broad
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bandwidth control, suitable for high-speed magnetically
levitated rotors. It exhibits remarkable benefits in main-
taining stability control for magnetically levitated rotors
operating at ultra-high speeds.

o The 3-phase-half-bridge topology reduces components
and allows easy substitution with an industrial inverter,
promising industrial AMB production.

o The neutralized-sharing-bridge topology enhances inte-
gration but increases isolated drive circuits, show-
ing promise for weight-sensitive applications like
aerospace [30].

« In the Half bridge converter, it is possible to generate
the bearing coil voltage (Vdc, 0, -Vdc) with supe-
rior precision in contrast to the 3-phase-half-bridge
or neutralized-sharing-bridge topology (Vdc/2, -Vdc/2).
Furthermore, achieving negative voltage amplification
at elevated operating frequencies becomes feasible
through the utilization of a full H bridge [121]. So, the
3-phase-half-bridge or neutralized-sharing-bridge topol-
ogy current response rate is only half of that of the
half-bridge topology SPA. The capacitive half bridge
type has the drawback of requiring careful maintenance
of the voltage balance between the two capacitors in the
circuit [25]. The cost of neutralized and 3-phase Half
bridge is lesser than half bridge type SPA.

Line Sensing Technique: Methodology implemented by [4]
is cost effective and reliable since using a LPF in series
with the load has to always undergo high voltage and high
current during regular operation of the AMB coil, but using a
non-intrusive type of sensor like hall effect and then passing
the signal from it through a LPF guarantees a smooth average
in line current which is suitable for feedback.

Control techniques: Using a LPF as suggested by [4] and
[16], would not need to demodulate the PWM and signal can
be directly measured by attenuating it and feeding it into a
A/D converter with standard sampling rate of 20 kHz [14] or
at same frequency as that of PWM signal if response desired is
very fast. Usually, the control loop processing initializes from
internal PI control and then proceeds to the outer position
control loop, hence internal loop must be computationally
efficient and fast to achieve excellent position control of the
shaft in AMB. Therefore, a linear controller would be good
choice for current control in SPA of AMB.

In short, PWM, hysteresis, and sample-hold are modula-
tion techniques used in power electronics, however hysteresis
and sample-hold have disadvantages such as sensitivity to
short pulses and harmonic distortion. Due to high-current
wire crossing issues, linear designs outperform H-bridge
forms for switching signal circuits in systems such as Active
Magnetic Bearings (AMB). The selection of a converter is
influenced by aspects such as unidirectional current suf-
ficiency, where the half-bridge topology, particularly the
asymmetrical H Bridge, shines because to its efficiency and
decreased complexity. These converters, which are critical for
generating exact voltages in bearing coils, have a consider-
able influence on response rates and vary in price, favoring
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alternatives such as neutralized and 3-phase half bridge ver-
sions. Line sensing techniques use non-intrusive sensors such
as hall effect and low pass filters to provide smooth feedback,
as opposed to series LPFs, which survive high temperatures.

REFERENCES

[1]1 E.H.Maslen and G. Schweitzer, Magnetic Bearings, vol. 53,n0. 9. Berlin,
Germany: Springer, 2009, doi: 10.1007/978-3-642-00497-1.

[2] R. S. Srinivas, R. Tiwari, and C. Kannababu, “Application of active
magnetic bearings in flexible rotordynamic systems—A state-of-the-art
review,” Mech. Syst. Signal Process., vol. 106, pp. 537-572, Jun. 2018,
doi: 10.1016/j.ymssp.2018.01.010.

[3] D.J. Neff and C. P. Britcher, “Design and implementation of a digital
controller for a vibration isolation and Vernier pointing system,” in Proc.
2nd Int. Symp. Magn. Suspension Technol., Jul. 1993, pp. 195-206.

[4] H. Chiu and N. Tsai, ‘“Dual-mode power drive for active magnetic bear-
ings,” IET Electr. Power Appl., vol. 13, no. 2, pp. 162-167, Feb. 2019,
doi: 10.1049/iet-epa.2018.5271.

[5] J. J. Lee, C. B. Ahn, J. Choi, J. W. Park, S.-J. Song, and K. Sun,
“Development of magnetic bearing system for a new third-generation
blood pump,” Artif. Organs, vol. 35, no. 11, pp. 1082-1094, Nov. 2011,
doi: 10.1111/j.1525-1594.2011.01376.x.

[6] T. Masuzawa, S. Ezoe, T. Kato, and Y. Okada, ‘“Magnetically sus-
pended centrifugal blood pump with an axially levitated motor,” Artif.
Organs, vol. 27, no. 7, pp. 631-638, Jul. 2003, doi: 10.1046/j.1525-
1594.2003.07111.x.

[71 M. Glauser, W. Jiang, G. Li, Z. Lin, P. E. Allaire, and D. Olson, “Opti-
mization of an axial flow heart pump with active and passive magnetic
bearings,” Artif. Organs, vol. 30, no. 5, pp. 400-403, May 2006, doi:
10.1111/5.1525-1594.2006.00232.x.

[8] N. A. Greatrex, D. L. Timms, N. Kurita, E. W. Palmer, and
T. Masuzawa, “Axial magnetic bearing development for the BiVA-
COR rotary BiVAD/TAH,” IEEE Trans. Biomed. Eng., vol. 57, no. 3,
pp. 714-721, Mar. 2010, doi: 10.1109/tbme.2009.2033389.

[91 M. Goldowsky, ‘“Magnevad—The world’s smallest magnetic-bearing
turbo pump,” Artif. Organs, vol. 28, no. 10, pp. 945-952, Oct. 2004, doi:
10.1111/5.1525-1594.2004.07386.x.

[10] A. Chiba, T. Fukao, O. Ichikawa, M. Oshima, M. Takemoto, and
D. G. Dorrell, Magnetic Bearings and Bearingless Drives. Amsterdam,
The Netherlands: Elsevier, 2005, doi: 10.1016/B978-0-7506-5727-
3.X5000-7.

[11] J. Sun and Y. Zhang, “A novel integrated structure with a radial
displacement sensor and a permanent magnet biased radial magnetic
bearing,” Sensors, vol. 14, no. 2, pp. 1950-1960, Jan. 2014, doi:
10.3390/5140201950.

[12] M. O. T. Cole, P. S. Keogh, and C. R. Burrows, “Predictions on the
dynamic behaviour of a rolling element auxiliary bearing for rotor/AMB
systems,” presented at the 8th Int. Symp. Magn. Bearings, Mito, Japan,
2002.

[13] M. O. T. Cole, P. S. Keogh, M. N. Sahinkaya, and C. R. Burrows,
“Towards fault-tolerant active control of rotor-magnetic bearing sys-
tems,” Control Eng. Pract., vol. 12, no. 4, pp. 491-501, Apr. 2004, doi:
10.1016/S0967-0661(03)00173-4.

[14] D.Jiang, T. Li, Z. Hu, and H. Sun, “Novel topologies of power electronics
converter as active magnetic bearing drive,” IEEE Trans. Ind. Electron.,
vol. 67, no. 2, pp. 950-959, Feb. 2020, doi: 10.1109/TIE.2019.2898580.

[15] J.-W. Shin, M. Danilovic, Y. Mao, and K. D. T. Ngo, “Bus voltage
control of cascaded buck-boost power amplifier driving inductive load
with 2.3-kW peak power,” IEEE Trans. Power Electron., vol. 32, no. 5,
pp. 4107-4114, May 2017, doi: 10.1109/TPEL.2016.2594053.

[16] D. Dutta, P. K. Biswas, and S. Debnath, “Single-phase standalone
inverter using closed-loop PI control for electromagnetic suspension,”
in Proc. Int. Conf. Inventive Comput. Technol. (ICICT), Apr. 2023,
pp. 1481-1487, doi: 10.1109/ICICT57646.2023.10134168.

[17] M. B. Scudiere, R. A. Willems, and G. T. Gillies, “Digital controller
for a magnetic suspension system,” Rev. Sci. Instrum., vol. 57, no. 8,
pp. 1616-1626, Aug. 1986, doi: 10.1063/1.1138540.

[18] X. Cheng, L. Zhang, R. Zhou, S. Song, B. Wang, and H. Liu, “Analysis
of output precision characteristics of digital switching power amplifier
in the active magnetic bearings system,” Automatika, vol. 58, no. 2,
pp. 205-215, Apr. 2017, doi: 10.1080/00051144.2017.1390194.

VOLUME 11, 2023


http://dx.doi.org/10.1007/978-3-642-00497-1
http://dx.doi.org/10.1016/j.ymssp.2018.01.010
http://dx.doi.org/10.1049/iet-epa.2018.5271
http://dx.doi.org/10.1111/j.1525-1594.2011.01376.x
http://dx.doi.org/10.1046/j.1525-1594.2003.07111.x
http://dx.doi.org/10.1046/j.1525-1594.2003.07111.x
http://dx.doi.org/10.1111/j.1525-1594.2006.00232.x
http://dx.doi.org/10.1109/tbme.2009.2033389
http://dx.doi.org/10.1111/j.1525-1594.2004.07386.x
http://dx.doi.org/10.1016/B978-0-7506-5727-3.X5000-7
http://dx.doi.org/10.1016/B978-0-7506-5727-3.X5000-7
http://dx.doi.org/10.3390/s140201950
http://dx.doi.org/10.1016/S0967-0661(03)00173-4
http://dx.doi.org/10.1109/TIE.2019.2898580
http://dx.doi.org/10.1109/TPEL.2016.2594053
http://dx.doi.org/10.1109/ICICT57646.2023.10134168
http://dx.doi.org/10.1063/1.1138540
http://dx.doi.org/10.1080/00051144.2017.1390194

K. P. Kamath et al.: Power Amplifiers and Their Feedback Mechanisms for AMB—A Comprehensive Review

IEEE Access

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

Y. Ren and J. Fang, “Current-sensing resistor design to include cur-
rent derivative in PWM H-bridge unipolar switching power amplifiers
for magnetic bearings,” IEEE Trans. Ind. Electron., vol. 59, no. 12,
pp. 4590-4600, Dec. 2012, doi: 10.1109/TIE.2011.2179277.

S. Debnath, P. K. Biswas, S. Gupta, and J. Laldingliana, “Analysis
and simulation of PWM-based half-bridge and full-bridge switch mode
amplifier for active magnetic bearing (AMB),” in Intelligent Electrical
Systems: A Step Towards Smarter Earth. Boca Raton, FL, USA: CRC
Press, 2021, pp. 217-226, doi: 10.1201/9780429355998-25.

S.Liu, D. Chen, and F. Xu, “Study of switching power amplifier for active
magnetic bearing,” in Proc. 4th Int. Power Electron. Motion Control
Conf., vol. 3, Aug. 2004, pp. 1539-1543.

T. Yoshida, Y. Kuroba, K. Ohniwa, and M. Osamu, “Self-sensing active
magnetic bearings using a new PWM amplifier equipped with a bias
voltage source,” EPE J., vol. 15, no. 2, pp. 19-24, May 2005.

C. Klesen, R. Nordmann, and U. Schonhoff, “Design of a minimum
current magnetic bearing,” in Proc. NASA Conf. Publication, 2000,
pp- 593-610.

R. Schoeb, “Radial active magnetic bearing for operation with a 3-phase
power converter,” in Proc. 4th Int. Symp. Mag. Suspension Technol., Gifu,
Japan, 1997, pp. 111-124.

H.-J. Ahn, “Dynamic performance limitation in driving a radial AMB
with space vector PWM,” in Proc. 11th Int. Symp. Magn. Bearings, 2008,
pp. 54-61.

J.-S. Yim and J. Hwan, ““A novel cost-effective scheme of power amplifier
for AMBs using space vector technology,” in Proc. 8th Int. Symp. Magn.
Bearings, 2002, pp. 101-106.

S.Li, Z. Deng, K. Li, and J. He, “A novel SVPWM control algorithm for
switching power amplifier of active magnetic bearings,” in Proc. ISMB,
2016, pp. 1-6.

C. Liu, J. Zhan, J. Wang, Y. Yang, and Z. Liu, “An improved one-cycle
control algorithm for a five-phase six-leg switching power amplifier in
active magnetic bearings,” IEEE Trans. Ind. Electron., vol. 69, no. 12,
pp. 12564-12574, Dec. 2022, doi: 10.1109/TTE.2021.3130336.

L. Zhang, K. Liu, and X. Chen, “FPGA implementation of a
three-level power amplifier for magnetic bearings,” in Proc. 9th
Int. Conf. Electron. Meas. Instrum., Aug. 2009, pp.1-455, doi:
10.1109/icemi.2009.5274833.

K. Yang, Y. Hu, X. Guo, J. Zhou, and H. Wu, “Evaluation of switch-
ing power amplifier topology for active magnetic bearings,” Actuators,
vol. 10, no. 6, p. 131, Jun. 2021, doi: 10.3390/act10060131.

Z. Changsheng and M. Zhiwei, “A PWM based switching power ampli-
fier for active magnetic bearings,” in Proc. Int. Conf. Electr. Mach. Syst.,
vol. 2, Sep. 2005, pp. 1563-1568.

B.-U. Koehler, J. Denk, G. Van Maanen, and M. Lang, “Applying stan-
dard industrial components for active magnetic bearings,” Actuators,
vol. 6, no. 1, p. 8, Feb. 2017, doi: 10.3390/act6010008.

D. Dietz and A. Binder, “Bearingless PM-synchronous machine with
axial active magnetic bearing fed by zero-sequence current,” e i Elek-
trotechnik und Informationstechnik, vol. 138, no. 2, pp. 62-69, Apr. 2021,
doi: 10.1007/s00502-021-00867-4.

S. Debnath, U. Das, P. K. Biswas, B. Aljafari, and S. B. Thanikanti,
“Design and control of multicoil active magnetic bearing system for high-
speed application,” Energies, vol. 16, no. 11, p. 4447, May 2023, doi:
10.3390/en16114447.

A. Pesch and P. Scavelli, “Condition monitoring of active magnetic bear-
ings on the Internet of Things,” Actuators, vol. 8, no. 1, p. 17, Feb. 2019,
doi: 10.3390/act8010017.

P. Buhler and A. G. T. Mecos, “Magnetic bearing device with simplified
wiring,” U.S. Patent 8 018 106, Sep. 13, 2011.

Y. Li, J. Zhou, H. Geng, T. Du, Y. Qi, and X. Yin, “A coupling
simulation of converter field circuit for active radial electromag-
netic bearing based on Simplorer and Maxwell,” in Proc. IEEE Int.
Conf. Mechatronics Autom. (ICMA), Aug. 2019, pp. 180-185, doi:
10.1109/ICMA.2019.8816486.

P. Kumar, D. Wright, R. Jayawant, W. Magnetic, B. Waukesha, and
M. Bearings, “Sending PWM down extended magnet cables,” in Proc.
ISMB, 2012, pp. 1-14.

H.-J. Ahn and S.-N. Jeong, “Driving an AMB system using a 2D space
vector modulation of three-leg voltage source converters,” J. Mech. Sci.
Technol., vol. 25, no. 1, pp. 239-246, Jan. 2011, doi: 10.1007/s12206-
010-1103-z.

VOLUME 11, 2023

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

T. Gempp, C. Redemann, and R. Schéb, “Active magnetic bearing with
large air gap for operation with a 3-phase power converter,” in Proc.
Manuf. Mater. Metall. Ceram. Struct. Dyn. Controls, Diag. Instrum. Educ.
IGTI Scholar Award Gen., Jun. 1999, pp. 1-6, doi: 10.1115/99-gt-204.
J. Vadillo, J. M. Echeverria, I. Elosegui, and L. Fontan, “An approach to
a 3-pole AMB system fed by matrix converter,” in Proc. 11th Int. Symp.
Magn. Bearings (ISMB), 2008, pp. 518-525.

S.-L. Chen and C.-T. Hsu, “Optimal design of a three-pole active
magnetic bearing,” IEEE Trans. Magn., vol. 38, no. 5, pp. 3458-3466,
Sep. 2002, doi: 10.1109/tmag.2002.802709.

C.-T. Hsu and S.-L. Chen, “Exact linearization of a voltage-
controlled 3-pole active magnetic bearing system,” IEEE Trans. Con-
trol Syst. Technol., vol. 10, no. 4, pp.618-625, Jul. 2002, doi:
10.1109/tcst.2002.1014681.

T. M. Jahns, R. W. A. A. De Doncker, A. V. Radun, P. M. Szczesny,
and F. G. Turnbull, “System design considerations for a high-power
aerospace resonant link converter,” IEEE Trans. Power Electron., vol. 8,
no. 4, pp. 663-672, Oct. 1993, doi: 10.1109/63.261040.

Q. Song, X. Zhang, F. Yu, and C. Zhang, “Research on space vector PWM
of five-phase three-level inverter,” in Proc. Int. Conf. Electr. Mach. Syst.,
Sep. 2005, pp. 1418-1421, doi: 10.1109/icems.2005.202782.

W.J. Zhang, Y. Dun, Y. Sun, L. Yu, W. Shi, W. Zhang, and M. Shi, “‘High
productivity reconfigurable digital control system and its application
on magnetic bearing,” in Proc. 4th IEEE Conf. Ind. Electron. Appl.,
May 2009, pp. 18441850, doi: 10.1109/ICIEA.2009.5138517.

D. E. A. Ayala, “Optimal control for a prototype of an active magnetic
bearing system,” Ph.D. dissertation, Dept. Mechtron. Eng., Pontifical
Catholic Univ. Peru, Lima, Peru, 2017.

M. Jia, A. Komeily, Y. Wang, and R. S. Srinivasan, “Adopting Internet of
Things for the development of smart buildings: A review of enabling tech-
nologies and applications,” Autom. Construct., vol. 101, pp. 111-126,
May 2019, doi: 10.1016/j.autcon.2019.01.023.

T. Du, H. Geng, Y. Sun, H. Lin, H. Lv, and L. Yu, “Design and implement
of a low cost control system of active magnetic bearings using LabVIEW
interface for Arduino,” in Proc. IEEE Int. Conf. Mechatronics Autom.
(ICMA), Aug. 2017, pp. 1833-1837, doi: 10.1109/ICMA.2017.8016096.
D. Merola, “Electromagnetic levitation of a steel ball for IfA control
laboratory,” M.S. thesis, Autom. Control Lab., ETH Ziirich, Ziirich,
Switzerland, 2022.

I. Reznichenko and P. Podrzaj, “Design methodology for a magnetic lev-
itation system based on a new multi-objective optimization algorithm,”
Sensors, vol. 23, no. 2, p. 979, Jan. 2023, doi: 10.3390/s23020979.

S. Basovich, T. Ben-Moha, M. M. Peretz, S. Arogeti, and Z. Brand,
“Switch-mode current amplifier for active magnetic bearings,” in Proc.
14th Int. Symp. Magn. Bearings, Aug. 2014, pp. 633-638.

R. K. Arora, B. V. Bakori, and S. S. Rana, “Design considerations for high
power amplifiers,” IETE Tech. Rev., vol. 9, no. 1, pp. 70-80, Jan. 1992,
doi: 10.1080/02564602.1992.11438827.

S. Carabelli, F. Maddaleno, and M. Muzzarelli, “‘High-efficiency linear
power amplifier for active magnetic bearings,” IEEE Trans. Ind. Elec-
tron., vol. 47, no. 1, pp. 17-24, Feb. 2000, doi: 10.1109/41.824021.

Q. Jing, W. Xiping, T. Feng, L. Wenpeng, and J. Dongfang, “Application
of power amplifier OPA544 in active magnetic bearing control system,”
in Proc. ISMB, 2010, pp. 424-431.

J. Wassermann and H. Springer, “A linear power amplifier with current
injection (LACI) for magnetic bearings,” in Proc. 4th Int. Symp. Magn.
Bearings, Aug. 1994, pp. 371-376.

H. E. Hughes, Electrical and Electronic Technology. India: Pearson,
2010.

P. Kumar and R. Jayawant, “Design synthesis and experimental vali-
dation of an AMB controller with a power dense amplifier for retrofit
applications,” in Proc. ISMB, 2014, pp. 627-632.

T. Bardas, T. Harris, C. Oleksuk, G. Eisenbart, and J. Geerligs, ‘“Prob-
lems, solutions and applications in the development of a wide band power
amplifier for magnetic bearings,” in Proc. 2nd Int. Symp. Magn. Bearings,
vol. 127, 1990, pp. 219-227.

A. Schulz, M. Schneeberger, and J. Wassermann, ““A reliable switching
amplifier for active magnetic bearings,” in Proc. IEEE Int. Conf. Ind.
Technol., Dec. 2003, pp. 198-202, doi: 10.1109/ICIT.2003.1290268.

Y. Guo, Z. Ling, and X. Zhang, “A novel PWM power amplifier
of magnetic suspension spindle control system for micro EDM,” Int.
J. Adv. Manuf. Technol., vol. 83, nos. 5-8, pp. 961-973, Mar. 2016, doi:
10.1007/s00170-015-7622-0.

132913


http://dx.doi.org/10.1109/TIE.2011.2179277
http://dx.doi.org/10.1201/9780429355998-25
http://dx.doi.org/10.1109/TIE.2021.3130336
http://dx.doi.org/10.1109/icemi.2009.5274833
http://dx.doi.org/10.3390/act10060131
http://dx.doi.org/10.3390/act6010008
http://dx.doi.org/10.1007/s00502-021-00867-4
http://dx.doi.org/10.3390/en16114447
http://dx.doi.org/10.3390/act8010017
http://dx.doi.org/10.1109/ICMA.2019.8816486
http://dx.doi.org/10.1007/s12206-010-1103-z
http://dx.doi.org/10.1007/s12206-010-1103-z
http://dx.doi.org/10.1115/99-gt-204
http://dx.doi.org/10.1109/tmag.2002.802709
http://dx.doi.org/10.1109/tcst.2002.1014681
http://dx.doi.org/10.1109/63.261040
http://dx.doi.org/10.1109/icems.2005.202782
http://dx.doi.org/10.1109/ICIEA.2009.5138517
http://dx.doi.org/10.1016/j.autcon.2019.01.023
http://dx.doi.org/10.1109/ICMA.2017.8016096
http://dx.doi.org/10.3390/s23020979
http://dx.doi.org/10.1080/02564602.1992.11438827
http://dx.doi.org/10.1109/41.824021
http://dx.doi.org/10.1109/ICIT.2003.1290268
http://dx.doi.org/10.1007/s00170-015-7622-0

IEEE Access

K. P. Kamath et al.: Power Amplifiers and Their Feedback Mechanisms for AMB—A Comprehensive Review

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]
[82]

[83]

C. Xu, F. Zhao, G. Xu, and G. Lian, “General-purpose controller for
multiple types of magnetic bearing rotor systems,” Energy Rep., vol. 9,
pp. 345-354, Mar. 2023, doi: 10.1016/j.egyr.2022.10.423.

P. W. Wheeler, J. Rodriguez, J. C. Clare, L. Empringham, and
A. Weinstein, “Matrix converters: A technology review,” I[EEE
Trans. Ind. Electron., vol. 49, no. 2, pp.276-288, Apr. 2002, doi:
10.1109/41.993260.

A. Alesina and M. G. B. Venturini, “Analysis and design of optimum-
amplitude nine-switch direct AC-AC converters,” IEEE Trans. Power
Electron., vol. 4, no. 1, pp. 101-112, Jan. 1989, doi: 10.1109/63.21879.

D. Casadei, G. Serra, A. Tani, and L. Zarri, “Matrix converter modulation
strategies: A new general approach based on space-vector representa-
tion of the switch state,” IEEE Trans. Ind. Electron., vol. 49, no. 2,
pp. 370-381, Apr. 2002, doi: 10.1109/41.993270.

L. Huber and D. Borojevic, “Space vector modulated three-phase to
three-phase matrix converter with input power factor correction,” /EEE
Trans. Ind. Appl., vol. 31, no. 6, pp. 12341246, Nov./Dec. 1995, doi:
10.1109/28.475693.

S. Debnath, P. K. Biswas, and J. Laldingliana, ““Analysis and simulation
of PWM based power amplifier for single axis active magnetic bearing
(AMB),” in Proc. IEEE Transp. Electrific. Conf. (ITEC-India), Pune,
India, Dec. 2017, pp. 1-5, doi: 10.1109/ITEC-India.2017.8333845.

S. Debnath and P. K. Biswas, ““Study and analysis on some design aspects
in single and multi-axis active magnetic bearings,” J. Appl. Res. Technol.,
vol. 15, no. 4, pp. 311-319, Aug. 2017, doi: 10.1016/j.jart.2017.02.005.

D. Jiang and P. Kshirsagar, “Analysis and control of a reduced
switch converter for active magnetic bearings,” in Proc. IEEE Appl.
Power Electron. Conf. Expo. (APEC), Mar. 2016, pp. 3616-3622, doi:
10.1109/APEC.2016.7468389.

F. Cerruti, C. Delprete, G. Genta, and S. Carabelli, “High efficiency and
low cost power amplifiers and transducers for active magnetic bearings,”
in Proc. 4th Int. Symp. Magn. Bearings, Aug. 1994, pp. 365-370.

J. Wang and L. Xu, “System model of three-level switching power
amplifier for magnetic bearing,” in Proc. Int. Conf. Measuring Tech-
nol. Mechatronics Autom., vol. 2, Apr. 2009, pp.708-711, doi:
10.1109/ICMTMA.2009.467.

G. Cao and C.-W. Lee, “‘Development of PWM power amplifier for active
magnetic bearings,” in Proc. 5th World Congr. Intell. Control Autom.,
Jun. 2004, pp. 3475-3478, doi: 10.1109/wcica.2004.1343191.

S. Kashiwagi, “A high-efficiency audio power amplifier using a self-
oscillating switching regulator,” IEEE Trans. Ind. Appl., vol. IA-21, no. 4,
pp- 906-911, Jul. 1985, doi: 10.1109/tia.1985.349540.

G. S. da Silva, R. C. Beltrame, L. Schuch, and C. Rech, “Hybrid AC
power source based on modular multilevel converter and linear ampli-
fier,” IEEE Trans. Power Electron., vol. 30, no. 1, pp. 216-226, Jan. 2015,
doi: 10.1109/TPEL.2014.2310174.

Q. Jin, X. Ruan, X. Ren, and H. Xi, “High-efficiency switch-linear-
hybrid envelope-tracking power supply with step-wave approach,” IEEE
Trans. Ind. Electron., vol. 62, no. 9, pp. 5411-5421, Sep. 2015, doi:
10.1109/TIE.2015.2416690.

J. Zhang, J. O. Schulze, and N. Barletta, “Synchronous three-level PWM
power amplifier for active magnetic bearings,” in Proc. 5th Int. Symp.
Magn. Bearings, Aug. 1996, pp. 277-282.

S.Liu, F. Xu, C. Lu, and Z. Bian, “Design of experiments for the feedback
circuit of power driver amplifier with magnetic bearings,” in Proc. 8th Int.
Symp. Magn. Bearings, Aug. 2002, pp. 107-112.

J.-R. Yang, “Gate driver integrated circuit with breakdown protection for
switch-mode power amplifiers,” Automatika, vol. 57, no. 2, pp. 506-513,
Jan. 2016, doi: 10.7305/automatika.2016.10.1005.

P. Raghunathan and E. Logashanmugam, “Position servo controller
design and implementation using low cost eddy current sensor for single
axis active magnetic bearing,” J. Ambient Intell. Humanized Comput.,
vol. 10, no. 9, pp. 3481-3492, Sep. 2019, doi: 10.1007/s12652-018-
1064-0.

L. Girlevicius, “Active magnetic bearing driver circuit design featuring
current measurement integration,” Uppsala Univ., Sweden, Tech. Rep.
ISRN UTH-INGUTB-EX-E-2015/12-SE, Dec. 2015.

H. M. Rashid, Power Electronics Handbook. New York, NY, USA:
Academic, 2001.

A. Hughes, Electric Motors
The Netherlands: Elsevier, 2006.
N. Mohan, T. M. Undeland, and W. P. Robbins, Power Electronics:
Converters, Applications, and Design. Hoboken, NJ, USA: Wiley, 2003.

and Drives, 3rd ed. Amsterdam,

132914

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]
[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

Y. Okada, K. Matsuda, and B. Nagai, “Sensorless magnetic levita-
tion control by measuring the PWM carrier frequency component,”
in Proc. 3rd Int. Symp. Magn. Bearings, Alexandria, VA, USA, 1992,
pp- 176-183.

D. Vischer and H. Bleuler, “Self-sensing active magnetic levitation,”
IEEE Trans. Magn., vol. 29, no. 2, pp. 1276-1281, Mar. 1993, doi:
10.1109/20.250632.

W. G. Hurley, M. Hynes, and W. H. Wolfle, “PWM control of a magnetic
suspension system,” IEEE Trans. Educ., vol. 47, no. 2, pp. 165-173,
May 2004, doi: 10.1109/te.2004.827831.

S. Dhale, B. Nahid-Mobarakeh, and A. Emadi, “A review of fixed
switching frequency current control techniques for switched reluc-
tance machines,” IEEE Access, vol. 9, pp. 39375-39391, 2021, doi:
10.1109/ACCESS.2021.3064660.

S. Banerjee, D. Prasad, and J. Pal, “Design, implementation and testing
of an attraction type electromagnetic suspension system,” in Proc. Nat.
Power Syst. Conf., Dec. 2002, pp. 621-625.

S. Ziegler, L. J. Borle, and H. H. C. Iu, “Transformer based DC
current sensor for digitally controlled power supplies,” in Proc.
Australas. Universities Power Eng. Conf., Dec. 2007, pp. 1-6, doi:
10.1109/AUPEC.2007.4548080.

A. Schammass and H. Bleuler, “Experimental results on self-sensing
AMB using a three state PWM amplifier,” in Proc. 8th Int. Symp. Magn.
Bearings, Aug. 2002, pp. 289-292.

A. S. K. Chowdhury, M. S. Shehab, M. A. Awal, and M. A. Razzak,
“Design and implementation of a highly efficient pure sine-wave inverter
for photovoltaic applications,” in Proc. Int. Conf. Informat., Electron. Vis.
(ICIEV), May 2013, pp. 1-6, doi: 10.1109/ICIEV.2013.6572634.

P. Kurnyta-Mazurek and A. Kurnyta, ““The influence of magnetic field of
AMB on eddy-current sensor operation,” Sensors, vol. 23, no. 4, p. 2332,
Feb. 2023, doi: 10.3390/s23042332.

S. Hill, “Simplifying current sensing how to design with current sense
amplifiers,” Instruments, no. SLYY154A, p. 58, 2020.

J. Bridgmon and C. Andrews, “‘Current sensing for inline motor-control
applications,” Appl. Rep., Instrum. T, no. SBOA172, pp. 1-10, Oct. 2016.
J. Yuand C. Zhu, “An analytical frequency-domain model of self-sensing
magnetic bearing: Modulation approach,” in Proc. 15th Int. Symp. Magn.
Bearings, 2015, pp. 493-500.

Z. Tian, Z. Wei, B. Guo, and Y. Sun, “A rotor displacement estimation
method for magnetic bearings with direct measurement of the ripple
current slope,” in Proc. IEEE Int. Conf. Mechatronics Autom. (ICMA),
Aug. 2019, pp. 1848-1853, doi: 10.1109/icma.2019.8816330.

L. Papini, L. Tarisciotti, A. Costabeber, C. Gerada, and P. Wheeler,
“Active magnetic bearing system design featuring a predictive current
control,” in Proc. 42nd Annu. Conf. IEEE Ind. Electron. Soc. (IECON),
Oct. 2016, pp. 3217-3222, doi: 10.1109/IECON.2016.7793444.

T. Mizuno, T. I. Zexel, and J. K. Araki, “Realization of phase locked and
frequency feedback magnetic bearings,” in Proc. 4th Int. Symp. Magn.
Bearings, 1994, pp. 311-316.

J. A. Allen, “Design of active suspension control based upon use of tubu-
lar linear motor and quarter-car model design of active suspension control
based upon use of tubular linear motor and quarter-car model,” Dept.
Mech. Eng., Texas A&M Univ., College Station, TX, USA, Tech. Rep.,
2008.

M. Ni, S. Zhengang, Z. Yan, and Y. Suyuan, ““Study on eddy current loss
for AMTBs study on eddy current loss for active magnetic thrust bearings
considering load variation, noise, and switching ripple currents,” in Proc.
13 Int. Symp. Magn. Bearings, 2012, pp. 1-9.

M. Nij, F. Xiaoming, Z. Yan, and Y. Suyuan, “Study on EMI of power
amplifiers in active magnetic bearing systems,” in Proc. 12 Int. Symp.
Magn. Bearing, 2010, pp. 361-366.

S. W. Yates and R. D. Williams, “A fault-tolerant multiprocess controller
for magnetic bearings,” IEEE Micro, vol. 8, no. 4, pp. 617, Aug. 1988,
doi: 10.1109/40.7768.

J. Zhou, J. Fang, Y. Zhang, and Y. Jiang, “Anti-windup control of active
magnetic bearings subject to voltage saturation,” in Proc. 14th Int. Symp.
Magn. Bearings, Linz, Austria, Aug. 2014, pp. 71-76.

P. Kumar, “Design, analysis, simulation and testing of single coil active
magnetic bearing system,” NIT Mizoram, India, Tech. Rep., 2021.

Y. H. Park, I. H. Park, H. D. Jang, and D. C. Han, “A phase modula-
tion self-sensing technology of active magnetic bearings using a high
frequency voltage injection method,” in Proc. 11th Int. Symp. Magn.
Bearings, 2008, pp. 34—627.

VOLUME 11, 2023


http://dx.doi.org/10.1016/j.egyr.2022.10.423
http://dx.doi.org/10.1109/41.993260
http://dx.doi.org/10.1109/63.21879
http://dx.doi.org/10.1109/41.993270
http://dx.doi.org/10.1109/28.475693
http://dx.doi.org/10.1109/ITEC-India.2017.8333845
http://dx.doi.org/10.1016/j.jart.2017.02.005
http://dx.doi.org/10.1109/APEC.2016.7468389
http://dx.doi.org/10.1109/ICMTMA.2009.467
http://dx.doi.org/10.1109/wcica.2004.1343191
http://dx.doi.org/10.1109/tia.1985.349540
http://dx.doi.org/10.1109/TPEL.2014.2310174
http://dx.doi.org/10.1109/TIE.2015.2416690
http://dx.doi.org/10.7305/automatika.2016.10.1005
http://dx.doi.org/10.1007/s12652-018-1064-0
http://dx.doi.org/10.1007/s12652-018-1064-0
http://dx.doi.org/10.1109/20.250632
http://dx.doi.org/10.1109/te.2004.827831
http://dx.doi.org/10.1109/ACCESS.2021.3064660
http://dx.doi.org/10.1109/AUPEC.2007.4548080
http://dx.doi.org/10.1109/ICIEV.2013.6572634
http://dx.doi.org/10.3390/s23042332
http://dx.doi.org/10.1109/icma.2019.8816330
http://dx.doi.org/10.1109/IECON.2016.7793444
http://dx.doi.org/10.1109/40.7768

K. P. Kamath et al.: Power Amplifiers and Their Feedback Mechanisms for AMB—A Comprehensive Review

IEEE Access

[106]

[107]

[108]

[109]

[110

[111]

[112]

[113]

[114]

[115]

[116

[117]

[118

[119]

[120]

[121]

[122]

[123]

H. Shimomura and M. Kato, “An application of static induction transistor
for high power driver amplifier,” in Proc. 4th Int. Symp. Magn. Bearings,
1994, pp. 383-388.

M. Marz, “Thermal management in high-density power converters,” in
Proc. IEEE Int. Conf. Ind. Technol., Dec. 2003, pp. 1196-1201, doi:
10.1109/icit.2003.1290835.

K. N. V. Prasad and G. Narayanan, ‘“Electromagnetic bearings with power
electronic control for high-speed rotating machines: Review, analysis, and
design example,” IEEE Trans. Ind. Appl., vol. 57, no. 5, pp. 4946-4957,
Sep. 2021, doi: 10.1109/TTA.2021.3093013.

L. Girlevicius, “Active magnetic bearing driver circuit design featuring
current measurement integration,” Uppsala Univ., Sweden, Tech. Rep.
ISRN UTH-INGUTB-EX-E-2015/12-SE, 2015.

L. Jonathan and P. K. Biswas, “Analysis, design and control of active
magnetic bearing for high-speed application,” Dept. Elect. Electron.
Eng., Nat. Inst. Technol. Mizoram, Aizawl, India, Tech. Rep., Mar. 2022.
J.-S. Yim, J.-H. Kim, S.-K. Sul, H.-J. Ahn, and D.-C. Han, “Sen-
sorless position control of active magnetic bearings based on high
frequency signal injection method,” in Proc. 18th Annu. IEEE Appl.
Power Electron. Conf. Expo. (APEC), Feb. 2003, pp.83-88, doi:
10.1109/APEC.2003.1179180.

K. K. Sivadasan, “Analysis of self-sensing active magnetic bearings
working on inductance measurement principle,” IEEE Trans. Magn.,
vol. 32, no. 2, pp. 329-334, Mar. 1996, doi: 10.1109/20.486516.

J. Zhang and N. Karrer, “IGBT power amplifiers for active magnetic
bearings of high speed milling spindles,” in Proc. 21st Annu. Conf.
IEEE Ind. Electron. (IECON), vol. 1, Nov. 1995, pp. 596-601, doi:
10.1109/IECON.1995.483476.

L. Tarisciotti, P. Zanchetta, A. Watson, J. Clare, M. Degano, and
S. Bifaretti, “Modulated model predictve control (M2PC) for a 3-
phase active front-end,” in Proc. IEEE Energy Convers. Congr. Expo.,
Sep. 2013, pp. 1062-1069, doi: 10.1109/ECCE.2013.6646821.

P. Cortes, G. Ortiz, J. I. Yuz, J. Rodriguez, S. Vazquez, and
L. G. Franquelo, ‘““Model predictive control of an inverter with output LC
filter for UPS applications,” IEEE Trans. Ind. Electron., vol. 56, no. 6,
pp. 18751883, Jun. 2009, doi: 10.1109/tie.2009.2015750.

S. Kouro, P. Cortes, R. Vargas, U. Ammann, and J. Rodriguez, “Model
predictive control—A simple and powerful method to control power
converters,” IEEE Trans. Ind. Electron., vol. 56, no. 6, pp. 1826-1838,
Jun. 2009, doi: 10.1109/tie.2008.2008349.

L. Tarisciotti, P. Zanchetta, A. Watson, P. Wheeler, J. C. Clare, and
S. Bifaretti, “Multiobjective modulated model predictive control for a
multilevel solid-state transformer,” IEEE Trans. Ind. Appl., vol. 51, no. 5,
pp. 40514060, Sep. 2015, doi: 10.1109/TIA.2015.2429113.

S. Bifaretti, P. Zanchetta, A. Watson, L. Tarisciotti, and J. Clare, “Pre-
dictive control for universal and flexible power management,” in Proc.
IEEE Energy Convers. Congr. Expo., Sep. 2010, pp. 3847-3854, doi:
10.1109/ECCE.2010.5617765.

Z. Dan and Z. Changsheng, “Failure mechanism of three-level power
amplifier for active magnetic bearings,” in Proc. 29th Chin. Control
Conf., Jul. 2010, pp. 3920-3924.

Y. Jing, H. Q. Xiang, and W. Kai, “Effects of power amplifier structure
upon the system performance,” in Proc. 8th Int. Symp. Magn. Bearings,
2002, pp. 97-100.

A. Shimada, Y. Horiuchi, and K. Shamoto, “A study of active magnetic
bearings for machine tool’s high speed spindle,” in Proc. 7th Int. Symp.
Magn. Bearings, Aug. 2000, pp. 183—188.

Y. Kazakov, I. Stebakov, D. Shutin, and L. Savin, “Application of
machine learning in simulation models and optimal controllers for fluid
film bearings,” in Proc. 11th IFToMM Int. Conf. Rotordynamics, 2023,
pp. 224-235, doi: 10.1007/978-3-031-40455-9_18.

L. Brerikacz, P. Bagiriski, and G. Zywica, “Experimental research on
foil vibrations in a gas foil bearing carried out using an ultra-high-
speed camera,” Appl. Sci., vol. 11, no. 2, p. 878, Jan. 2021, doi:
10.3390/app11020878.

VOLUME 11, 2023

K. PRATHIK KAMATH is currently a Research
Scholar with the Department of Mechanical and
Industrial Engineering, Manipal Institute of Tech-
nology, MAHE, Manipal, India. He is partly
working in a funded project by DRDO as a Junior
Research Fellow. His research interest includes
active magnetic bearings.

VUAY G. S. is currently a Professor with the
Department of Mechanical and Industrial Engi-
neering, Manipal Institute of Technology, MAHE,
Manipal, India. His research interests include bear-
ing diagnostics, the application of soft computing
techniques to engineering and non-engineering
domains, finite element analysis, mechanical
vibrations, material science, and metallurgy.

SIDDAPPA I. BEKINAL is currently an Associate
Professor with the Department of Mechani-
cal and Industrial Engineering, Manipal Insti-
tute of Technology, MAHE, Manipal, India. His
research interests include passive magnetic bear-
ings, mechanical vibrations, rotor dynamics, tur-
bomachinery, and mechanical vibrations energy
harvesting.

MRITYUNJAY DODDAMANI is currently an
Associate Professor with the School of Mechan-
ical and Materials Engineering, Indian Institute
of Technology Mandi, Mandi, Himachal Pradesh,
India. His research interests include passive mag-
netic bearings, composite materials, additive man-
ufacturing, and optimization techniques.

132915


http://dx.doi.org/10.1109/icit.2003.1290835
http://dx.doi.org/10.1109/TIA.2021.3093013
http://dx.doi.org/10.1109/APEC.2003.1179180
http://dx.doi.org/10.1109/20.486516
http://dx.doi.org/10.1109/IECON.1995.483476
http://dx.doi.org/10.1109/ECCE.2013.6646821
http://dx.doi.org/10.1109/tie.2009.2015750
http://dx.doi.org/10.1109/tie.2008.2008349
http://dx.doi.org/10.1109/TIA.2015.2429113
http://dx.doi.org/10.1109/ECCE.2010.5617765
http://dx.doi.org/10.1007/978-3-031-40455-9_18
http://dx.doi.org/10.3390/app11020878

