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Abstract—Inductive displacement sensor is one kind of the
common sensors widely used in magnetic bearing system. In this
paper, the working principle and output characteristics of the
self-inductance displacement sensor are analyzed. For magnetic
levitation rotor with a shaft diameter of 44.2mm, self-inductance
displacement sensors with different air gaps are respectively
designed. The magnetic field distribution and output
characteristics of the designed sensor are simulated by finite
element analysis method. Theoretical analysis and simulation
results both show that there is a very good linear relationship
between the output voltage and the rotor displacement of
differential self-inductive displacement sensor when the
displacement of rotor is in the range of -0.4 to 0.4(mm).
Simulation results show the sensitivity of the self-inductance
sensor is inversely proportional to the equilibrium air gap. With
the increasement of air gap , the relative change value of total
inductance is decreasing. When the rotor displacement is small
relative to the equilibrium air gap, the relative change of total
inductance is smaller and it can be considered unchanged. At this
time, the amplitude of the current in the coil is basically
unchanged when the voltage amplitude of the driving power is
unchanged.

Keywords—Magnetic bearing, Self-inductance displacement sensor,
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. INTRODUCTION

Electromagnetic bearing is a new type of high performance
bearing. It has the advantages of higher speed, longer life, lower
consumption, higher precision and no pollutiont, According to
rotor displacement detected by the displacement sensor, the
electromagnetic bearing control system is allowed to change
electromagnetic force with real-time and achieve stable
suspension of the rotor? Therefore, the performance of the
displacement sensor plays an extremely important role for the
system of electromagnetic bearing. At present, the most popular
choice is eddy current displacement sensor because of the
advantages of simple principle, good frequency response
characteristics and good real-time performance. However, it is
very sensitive to the material type, material uniformity and
surface shape tolerance of the material under test®® The output
signal of eddy current displacement sensor attenuates fast,
which is not suitable for long-distance transmission. Compared
with eddy current displacement sensor , the inductance
displacement sensor! has the advantages of higher sensitivity,
larger linear measurement range, higher resolution and strong
ability of anti-interference, which is good enough to meet the
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needs of industrial magnetic levitation rotor system
displacement detection when the speed is below 1kHz ,in spite
that its frequency response characteristics and real-time
performance are slightly worse. Therefore, it has been widely
concerned and applied.

At present, many scholars had made study for inductive
displacement sensors for magnetic bearings B, In this paper,
the structure of self-inductance displacement sensors with
different air gaps are designed for a magnetically suspended
rotor with a 44.2mm shaft diameter based on the analysis of the
working principle. Then, the simulation analysis is done by the
finite element method.

Il. THE WORKING PRINCIPLE OF SELF-INDUCTANCE
DISPLACEMENT SENSOR

In order to reduce the error of non-linearity between the
output of the sensor and the air gap and simultaneously increase
the sensitivity of the sensor, the differential structure shown in
Figl is commonly used. The structure includes a movable
armature and two iron core coils with the same geometric sizes,
materials, and electrical parameters. The two core coils are
connected in series and driven by the AC voltage source Up. The
output voltage is Au=u, —u, .
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Figure 1. Schematic diagram of differential self-inductance sensor structure

The magnetic field of air gap is considered uniform in the
case of small air gap. It is assumed that there is no magnetic
leakage, the air gap on both sides is d, the sectional area of the
core magnetic pole is Ao, and the number of turns is N.



According to the definition of core coil inductance and
magnetic circuit ohm's law, when the armature is in the middle
of iron core, the inductance of the two core coils are
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When the armature moves Ao ( Ad >0, the armature
moves up; AJ <0, the armature moves down), inductances of

the upper and lower core coil respectively become
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Then the total inductance of the upper and lower core coil
in series is

L=l = ®
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The relative change of the total inductance is

L-2L, 1
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When coil resistance is not considered, the output voltage
of the differential self-inductance sensor according to Figl is
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Formula (2) is substituted into formula (5), and the output
voltage is

. A .
AU =7u0 (6)

Neglecting the equivalent resistance and magnetic flux
leakage of the core coil and the movement of armature in a
small range, the theoretical analysis shows that the output
voltage of the sensor is proportional to the input voltage and
air gap changes and is inversely proportional to the equilibrium
air gap.

The sensitivity of the self-inductance displacement sensor
can be defined as the ratio of output voltage to the amount of
changes in air gap. That is,
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It can be seen that the sensitivity of the inductive sensor is
only related to the power voltage and the balanced air gap,
which is proportional to the power voltage and is inversely
proportional to the equilibrium air gap.

I1l.  STRUCTURAL DESIGN OF SELF-INDUCTANCE
DISPLACEMENT SENSOR
The initial design requirements of a magnetic suspension
rotor system for inductive sensors for a magnetically
suspended rotor system with a shaft diameter of 44.2 mm are
shown in Table I .

TABLE I. SENSOR PRELIMINARY DESIGN REQUIREMENTS
rotor displacement (mm)  -0.4~+0.4 || sensitivity (V * mm™) 20
rotor diameter (mm) 44.2 coil current (A) 0.2
rated speed (rpm) 24000 power frequency (kHz) 22

The design of the sensor structure is shown in Fig 2. The
coil Yp1, Yp2, Yniand Yz are connected in series, and the coil
Xp1, Xp2, Xn1 and Xy are connected in series. The 8 coils have
the same number of turns. The structural parameters of self-
inductance displacement sensors with different air gaps are
shown in Table 1II.

Figure 2. Structure diagram of self-inductance displacement sensor

TABLE II. THE STRUCTURAL PARAMETERS OF SELF-INDUCTANCE

DISPLACEMENT SENSORS WITH DIFFERENT AIR GAPS
0 d D Dy D, Np A[) Un N

/mm /mm /mm /mm /mm /mm?>  /V

1.6 44.2 47.4 72 88 8 32 78 200

1.2 442 46.6 72 88 8 32 78 175

1.0 442 46.2 72 88 8 32 78 160

0.8 442 45.8 72 88 8 32 78 140

0.6 44.2 45.4 72 88 8 32 78 122

Where, d is outer diameter of rotor, D is the inner
diameter of stator, Do is the middle diameter of stator, D is the
outer diameter of stator, Np is the number of poles, Ao is
magnetic pole area, Un is the voltage amplitude of the driving
power, N1 is humber turns of per coil .

IV.  SIMULATION ANALYSIS OF SELF-INDUCTANCE
DISPLACEMENT SENSOR

In order to verify the accuracy of the theoretical analysis

and the feasibility of the structural design method,



electromagnetic field simulation software is used to simulate
the electromagnetic field of the designed inductance sensor.
Due to the symmetry of the sensor, the output characteristics
are simulated only when the rotor is moved upward.

A. Finite Element Model of Static Magnetic Field of Sensor

Finite element models are established according to Table
IT. Considering the magnetic flux leakage on the periphery
of the stator, 5 (mm) thick air layer model is established
outside the statort’®l, The stator and rotor are stacked by silicon
steel sheets of 35W250. The material of the axis is 45# steel.
The excitation source uses external circuit excitation of
winding as shown in Fig 3. The association of coil and
corresponding coil model is achieved by matching the name of
the two. The layer boundary conditions of magnetic field lines
parallel to the outer edge of the stator air are loaded. Finally,

Alwb/m]

[
oo

w

.BZ2Be-BEY

£ B B oMW

. 5375e—0BE
 B891e-EA5S
.SE4le-BEY
L 2192e-BEY4
BT 44e-EEY
.5295e-Ba4
L1847 e-Bay
. 8395e-BaY4
. 495Be-BEY

G772e-aEaY4

3669:-80Y4
71l17e-Ba4
B5E6e—BEY
B14Eae-AE5

Figure 5.

The magnetic lines distribution of the sensor when the rotor
moves up 0.4mm

It can be seen that there is almost no magnetic flux leakage
and mutual coupling in the probe during the movement of the

rotor.

C. Simulation Results of Sensor Output Voltage Variation

setting the relevant parameters and doing simulation
calculation!*!,
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Characteristic

According to the simulation results, the relationship
between the output voltage and the rotor displacement for the
self-inductance sensor with different air gaps is shown in Fig
6.
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Figure 3. External circuit excitation of coil

B. Simulation Results of Sensor Magnetic Field Distribution
Characteristics

The simulated magnetic field distribution of the sensor is
shown in Fig 4 and Fig 5 when the air gap is 1mm and the rotor
moves up by 0.4mm.
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Figure 4. The magnetic field distribution of the sensor when the rotor
moves up 0.4mm
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Figure 6. The relationship between the longitudinal output voltage and the
rotor displacement

According to Fig 6, there is a good linear relationship
between output voltage and the rotor displacement for the
sensor of different air gaps. Moreover, the smaller the range of
the rotor motion is, the better the linearity is.



D. Simulation Results of Sensor Coil Inductance Variation
Characteristic

According to the simulation results, the relationship
between the variation of total inductance and the rotor
displacement for the self-inductance sensor with different air
gaps is shown in Fig 7.
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Figure 7. The relationship between the variation of total inductance and the
rotor displacement

According to Fig 7, the relative variation of the total
inductance for the self-inductance displacement sensors with
different air gaps is smaller when the rotor displacement is
small. Besides, it is decreasing as the air gap increases.

The magnetic bearing system requires suitable measuring
range, higher sensitivity, higher linearity, and stronger anti-
interference ability for the displacement sensor. It can be
approximately considered that the total inductance remains
unchanged when the relative change of the total inductance is
less than 10%. At this time, the amplitude of the current in the
coil is basically unchanged when the voltage amplitude of the
driving power is unchanged. To sum up, the choice of self-
inductance displacement sensor with an air gap of 1 mm is
superior for a magnetically suspended rotor with a shaft
diameter of 44.2 mm.

V. CONCLUSION

The differential self-inductance sensor is analyzed by using
the theory of magnetic circuit and electric circuit, and a
structural design method of self-inductance displacement
sensor for active magnetic bearings is given. In this paper, the
structures of self-inductance displacement sensor with
different air gaps are designed for a magnetically suspended
rotor with a shaft diameter of 44.2 mm. Then, the simulation
analysis is done by the finite element method. The following
conclusions are obtained:

(a) There is a good linear relationship between the output
voltage of the differential self-inductance sensor with different
air gaps and the rotor displacement in the range of -0.4~0.4mm;

(b) Differential self-inductance sensor can effectively
improve the linearity and sensitivity of the sensor whose
sensitivity is proportional to the power voltage and is inversely
proportional to the equilibrium air gap between the stator and
rotor;

(c) In the case of different air gaps of equilibrium, the
relative variation of the total inductance is decreasing as the air
gap increases. When the rotor displacement is small relative
to the equilibrium air gap, the relative change of total
inductance is smaller and it can be considered unchanged. At
this time, the amplitude of the current in the coil is basically
unchanged when the voltage amplitude of the driving power is
unchanged.

The article only analyzes the linearity and sensitivity of the
self-inductance displacement sensor. Then, the performance of
the sensor will be further researched through static calibration
experiment, dynamic calibration experiment and suspension
test.

REFERENCES

[1] Schweitzer G, Bleuler H, Traxler A. Active Magnetic Bearings—Basics,
Properties and Application of Active Magnetic Bearings[M].
Switzerland: Eth, 1994,

[2] Hongwei Li, Liu Shugin,Yu Wentao, Fan Youpeng. Maglev Rotor Axial
Displacement Detection Method Using Eddy Current Sensor [J].Chinese
Journal of Scientific Instrument, 2011, 32 (7) : 1441-1448.

[3] Chen Huxun, Tian Xingi. Experimental Study on Material Sensitivity
of Eddy Current Sensor [J]. Instrument Technique and Sensor, 2009(10):
13-15+24.

[4] Jin Chaowu, Xu Longxiang. Differential Transformer Displacement
Sensors and Application in Active Magnetic Bearings[J].Journal of
Mechanical Engineering, 2009, 45(11): 78-84..

[5] Wang K, Zhang L, Le Y, et al. Optimized Differential Self-Inductance
Displacement Sensor for Magnetic Bearings: Design, Analysis and
Experiment[J]. IEEE Sensors Journal, 2017, 17(14):4378-4387.

[6] JIN Chaowu, XU Longxiang, ZHU Yili. Research on Displacement
Sensor of High Temperature Active Magnetic Bearing[J]. Acta
Aeronautica et Astronautica Sinica, 2014, 35(1): 230-239.

[71 ZHANG Lisheng, WANG Kun, ZHENG Shigiang. Design and
experimental study of a novel self-inductance displacement sensor for
active magnetic bearings[J]. Chinese Journal of Scientific Instrument,
2018,39(01):100-109.

[8] DrumeaA, Svasta P, Blejan M. Modelling and simulation of an inductive
displacement sensor for mechatronic systems[C]// International Spring
Seminar on Electronics Technology, Isse. IEEE, 2010:304-307.

[9] ChenSC, Le D K, Nguyen V S. Inductive Displacement Sensors with a
Notch Filter for an Active Magnetic Bearing System[J]. Sensors, 2014,
14(7):12640-57.

DING Guoping, ZHOU Zude, HU Yefa. Calcuulation and analysis of
magnetic bearings rotating magnetic field with field element method[J].
Journal of Wuhan University of Technology, 2012, 34(1):114-117.

YANG Fangfang, LYU Jianchao. Optimization design and finite element
analysis for thrust magnetic bearings[J]. Gas Turbine Experiment and
Research, 2010, 23(2):43-46.

[10]

[11]



