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A simplified electromagnetic analysis procedure was introduced in this work to investigate
the sensorless method of high-frequency injection for the displacement of a maglev rotor. Since
the 3D model of electromagnets and the spindle, and the external circuits were all loaded into
a single finite-element analysis (FEA) platform, the accuracy of simulation results can be
significantly improved. Twenty cases were designed and considered to study the influence
of the signal amplitude and frequency on the sensing performance. In addition, preliminary
discussions regarding the frequency ranges of the sensing signal, the influence of the control
command on the sensing signal, and the detection speed of the spindle displacement are
included.

1. Introduction

An active magnetic bearing (AMB) is a type of bearing without mechanical contact. For
the purpose of achieving a satisfactory reliability of AMB operation, accurate and real-time
information of the rotor position is required. Displacement sensors employed in an AMB
can be any of the following types: eddy current, inductive, capacitive, optical, Hall element,
ultrasonic, and laser.). With the aim of reducing the structural complexity and manufacturing
cost of AMBs, a variety of self-sensing methods, in which the rotor displacement is estimated
from the electrical responses of electromagnets, have been studied. Methods to determine the
rotor displacement without a physical sensor can be divided into two categories, as depicted
in Fig. 1.2 The observer-based principle is to estimate the rotor displacement in terms of
voltages and currents of the AMB. However, modulation-based approaches were proposed to
replace observer-based methods owing to their improved robustness.*™ The pulse-width-
modulation (PWM) ripple-based approach was introduced by Okada and Matsushita® and
Noh.”” The driving power of an AMB is related to the coil inductance, and the rotor movement
results in the variation of the carrier components of the coil current. When an AMB is driven

by a PWM amplifier, the rotor displacement can be estimated by using a resonant circuit and
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Fig. 1.  Classification of sensorless methods to estimate rotor displacement of AMB.

a low-pass filter. “HF Injection” in Fig. 1 refers to injecting a high-frequency voltage into the
electromagnet. The relationship between the rotor position deviation and the variation of the
injected signal can also be derived.

Yoshida et al. proposed a self-sensing method using a PWM amplifier with dual DC
sources.®) This amplifier can supply a control current and a bias current simultaneously, where
the bias current is used to measure the deviation of the rotor position. The proposed method
was verified by a five-axis AMB at a rotor speed of 45000 min!. A self-sensing method with
zero-bias current was introduced by Kato et al® A series resonance circuit was inserted to
measure the electrical response of PWM-driven electromagnets. The resonance circuit supplied
carrier signals to both the opposing electromagnets to provide differential position detection.
Tang et al. proposed a signal demodulation process to reduce the complexity of hardware.!? A
mathematical model for the relationship between rotor displacement, current ripple, and duty
cycle was prepared in advance. Then individual duty cycles of the AMB driving signal were
measured instead of filtering the coil voltage signal. Since the filter results in a low stability
margin, a direct current measurement approach was reported by Niemann e al.™V A novel
power amplifier switching method was employed to measure the current ripple directly to
obtain the duty-cycle rotor position. As the PWM switching frequency is generally very high,
the update of the rotor displacement estimation at each switching cycle may be difficult. 113
A method of estimating rotor displacement to address the above problem was proposed in
2020.M Two types of direct current estimator were introduced to analyze the current gradient
information and reduce the overhead time of the estimation simultaneously.

The principle of the HF-injection-based method is similar to that of the inductive
displacement sensor. A high-frequency signal is injected into the coil and the induced voltage
can be detected to estimate the rotor displacement. Park et al. proposed a phase modulation
algorithm based on the HF injection method.'>) Currents with a phase difference were injected
into opposite electromagnets of an AMB to estimate the shaft displacement. HF-injection-based
approaches for the rotor position or speed estimation of a permanent magnet synchronous motor
were also reported.(lé’lg) Sensorless methods for detecting AMB rotor displacement are based
on the dynamics of the magnetic field and the inductive reactance of AMB coils. Since the
variations of the magnetic field and the coil inductive reactance are both highly nonlinear, a
simple numerical analysis procedure was introduced in this work for the preliminary analysis of
a sensorless AMB. The HF injection method was employed as an analysis object owing to its
adjustability of the signal strength and frequency. According to the theory of the HF injection
method, the injected signal frequency should be sufficiently high to achieve a satisfactory
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performance and avoid interfering with the AMB control signal simultaneously. However,
the inductive reactance of the coil is proportional to the injected signal frequency. Here, a
preliminary study on the performance of the HF injection method against signal frequency
using the proposed analysis procedure is reported.

2. Simplified Numerical Analysis Procedure

Since the variation of the magnetic field is nonlinear and complex, establishing a
mathematical model to fulfill the practical AMB operation is challenging. A pure numerical
analysis method without the derivation of the mathematical model is introduced in this paper.
The analysis procedure is depicted in Fig. 2. The AMB structure is constructed with the aid of
SolidWorks software. The 3D AMB model is loaded into the ANSYS finite element analysis (FEA)
package. Before carrying out simulations, the electrical supplies have to be defined under the
ANSYS Simplorer multidomain platform. Both the electromechanical and electromagnetic
analyses of an AMB can be accomplished in a single task.

2.1 Principle of HF injection method

The magnetic flux linking by an electromagnet is defined as follows:

y = No, @

where  is the magnetic flux linking, N is the number of coil turns of the electromagnet, and
¢ is the magnetic flux induced by the electromagnet. The reluctance of the iron core of the
electromagnet is usually negligible. The induced magnetic flux ¢ can be defined as

Ni  NigyA
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where R is the reluctance of the air gap between the rotor and electromagnet, i is the coil
current, uo is the magnetic permeability of air, 4, is the cross-sectional area of the magnetic
pole perpendicular to the magnetic field, and d is the length of the air gap. Using Egs. (1) and (2),
the electromagnet inductance L can be represented as

2
L:a_'/’:NLOAg_ 3)
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Fig. 2. Proposed analysis procedure for sensorless methods.
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The electromagnet inductance is inversely proportional to the length of the air gap. To
measure the variation of the inductance, a high-frequency signal of a constant amplitude can be
injected into the coil. The amplitude of the sensing signal should be sufficiently low to maintain
the AMB performance. If a high-frequency sine wave signal Vsinwt is injected into the coil, the
induced peak current /,,,, can be given as

Imax = 7 (4)

where V is the peak voltage of the sensing signal and w is the signal frequency. As a result,
the length of the air gap can be estimated by measuring the peak value of the high-frequency
component.

2.2 AMB model

An embedded cylindrical-array magnetic actuator (ECAMA) is employed in this work. The
configuration of the ECAMA is shown in Fig. 3.!” There are two pairs of electromagnets,
one aligned with the x-axis and one aligned with the y-axis. The direction of magnetic flux is
controlled by the coil current, and the magnetic flux around the spindle is guided by a silicon
steel layer (the outer layer of the spindle). For simplicity in the following discussion, only one
pair of electromagnets is loaded into the FEA platform.

3. Case Design for HF Injection Analysis

The model of one pair of electromagnets and the spindle is shown in Fig. 4(a). The two coils
are referred to as windings 1 and 2. Each electromagnet is composed of two magnetic poles,
one winding, and a silicon steel core (surrounded by the winding). The external circuit for
AMB driving and sensing is illustrated in Fig. 4(b). The control current source is the driving

Modified Concave-type Yoke (x8)

1-shape Electromagnet (x4 )
( I-shape Silicon Steel Core
with Coil Wound )

Fig. 3. (Color online) AMB model employed in this study.!”
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Fig. 4. (Color online) Simulation setup: (a) AMB model and (b) electrical supplies.

Table 1

Parameters of AMB operation in numerical simulations.

Parameter Value

Coil turns of a single electromagnet 1200 turns
Electrical resistance of a single electromagnet (coil) 10.4 Q
Nominal air gap between spindle and pole 1 mm
Control current 3A

Time period of a single case analysis 0.1s
Waveform of sensing signal Sine wave
Spindle position deviation Defined in Table 2
Frequency of sensing signal Defined in Table 2

power of the AMB operation, and the action of the power switch is determined according to
the moving direction of the spindle. Power regulators are utilized to adjust the current strength
supplied to the coils. Sensing signals are assumed to be identical in this work. The simulation
parameters are listed in Table 1. The control current is supplied to the winding when the nearby
air gap is larger than the nominal air gap. For example, when the spindle is moving toward
winding 1, the control current is applied to winding 2 to pull the spindle back. In total, 20 cases
are considered and the corresponding parameters are listed in Table 2. Two different sensing
signal peaks are used to evaluate the interaction of the control command with the sensing signal.
Five sensing frequencies and two different spindle displacements are adopted to compare the
HF sensing performance.

4. Simulation Results and Discussion

The simulation results for groups A to D (see Table 2) are shown in Figs. 5 and 6. Four
items are discussed: (1) the discriminating ability of the spindle displacement, (2) the frequency
ranges of the sensing signal, (3) the influence of the control command on the sensing signal,
and (4) the detection speed of the spindle displacement. From Figs. 5 and 6, an overlap of
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Table 2
Parameters of HF injection analyses.
Group  No. Sensing signal frequency  Peak voltage of sensing signal Spindle position deviation
Al 1 kHz . '
A2 3kHz Spindle displacement of 0.5 mm
3V toward winding 1
A v > kit (9.6% of control voltage) (air gaps on both sides of
A4 500 H
A5 100 HZ spindle are 0.5 and 1.5 mm)
z
BI 1 kHz ‘ .
B2 3 kHz Spindle displacement of 0.9 mm
B B3 5 kHz 3V toward winding 1
(9.6% of control voltage) (air gaps on both sides of
B4 500 H
B5 100 HZ spindle are 0.1 and 1.9 mm)
z
Cl 1 kHz . '
C2 3 kHz Spindle displacement of 0.5 mm
C C3 5 kHz v toward winding 1
(3.2% of control voltage) (air gaps on both sides of
C4 500 H
s 100 HZ spindle are 0.5 and 1.5 mm)
z
D1 1 kHz ‘ .
D2 3 kHz Spindle displacement of 0.9 mm
D D3 5 kHz v toward winding 1
D4 500 H (3.2% of control voltage) (air gaps on both sides of
D5 100 HZ spindle are 0.1 and 1.9 mm)
z

induced voltages is observed in each result. Since the control current and the sensing signal are
injected into winding 2 at the same time, at the initial stage, the induced voltage of winding 2 is
higher than that of winding 1. That is, the amplitude difference of the induced voltages during
the fully overlapped segment corresponds to the spindle displacement. The discriminating
ability of the spindle displacement is therefore confirmed. The second item is relevant to the
signal frequency ranges in which the sensing performance is satisfactory. According to the
case studies, the results for frequencies of 1 kHz, 500 Hz, and 100 Hz are potential options for
spindle displacement detection owing to the regularity of the fully overlapped segments. The
performance of the signal frequency from 1 to 3 kHz has to be further addressed. The third
item is regarding the strength ratio of the sensing signal to the control command. The main
influence of the control command on the sensing signal can be observed at the initial stage
in Figs. 5 and 6. Since the peak of the HF sensing signal is required to be as low as possible
to maintain the control performance of the AMB, the strength of the sensing signal should be
determined by sensing performance indexes such as the precision and speed of detection. The
last item is one of the sensing performance indexes. The length difference of air gaps relative
to windings 1 and 2 corresponds to the amplitude difference of the induced voltages during
the fully overlapped segment. According to the results under a sensing frequency of 1 kHz,
the times required to achieve the full overlap of induced voltages by sensing signal peaks of 1
and 3 V are about 0.07 and 0.06 s, respectively. In addition, the detection time will increase
with decreasing sensing frequency. As a result, the strength and frequency of the sensing
signal have to be accurately evaluated to obtain a suitable balance between control and sensing
performance.
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(Color online) Simulation results for (al—a5) group A and (bl-b5) group B.
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5. Conclusions

A sensorless method of HF injection for a maglev rotor was discussed in this work. Owing
to the complexity of electromechanical and electromagnetic dynamics, a simplified numerical
analysis procedure was introduced to replace the derivation of mathematical models. A 3D
model of the spindle and electromagnets, and the external circuit were loaded into an FEA
platform to reduce analysis errors. Four indexes of the HF injection method were addressed: (1)
the discriminating ability of the spindle displacement, (2) the frequency ranges of the sensing
signal, (3) the influence of the control command on the sensing signal, and (4) the detection
speed of the spindle displacement. On the basis of the simulation results, the performance
is satisfactory for a sensing frequency of 1 kHz. For general purposes, the frequency range
from 500 Hz to 1 kHz may be satisfactory for the rotor displacement measurement. However,
the detection speed is coupled with the signal peak (strength) and the sensing frequency. The
parameters of the sensing signal have to be accurately determined to fulfill the performance
requirements of AMB applications.
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