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Abstract: Active magnetic bearing (AMB}ystems support rotating shaftsthout any
physical contact, using electromagnetic forces. Each radial AMB uses two pairs of
electromagnets at opposite sides of the rotor. This allows the rotor to float in the air gap,
and the machine to operate without frictional losdesactive magetic suspension,
displacement sensors are necessary to detect the radial and axial movement of the
suspended object. la high-speed rotating machine equipped with an AMB, the rotor
bending modes may be limited to the operating range. The natural frezpiehthe rotor

can cause instability. Thus, notch fikeare a usefutircuit for stabilizingthe system. In
addition, commercial displacement sensors are sometoiesuitable for AMB design,

and cannot filter the noise caused by the natural frege€irotor. Hence, implementing
displacement sensors based on the AMB structure is necessdiyitatenoises caused

by naturalfrequency disturbances. The displacement sensor must be highly sensitive in the
desired working range, and also exhibit & lmterference noise, high stability, and low
cost.In this study, we used the differential inductive sensor head andriakplifier for
synchronous demodulatiotn addition,an active lowpass filter anch notch filter were

usedto eliminate disturbares, which caused by natural frequenchesa consequence, the
inductive displacement sensachieved satisfactory linearity, high sensitivity, and
disturbance eliminatianThis sensor can be easily produced for AMB applications. A
prototype of thesdisplacement sensors was built and tested.
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1. Introduction

In active magnetic bearing (AMB) systems, the equilibrium point of the rotor shaft is always
located in theenterof the stator. The air gap between the rotor and AMB stator is small; normally it is
smaller than 0.3nm. Displacement sensors are a pannafnetic bearing systems. All displacement
sensors are used, and must be able to perform measurements on a rotating surface. A rough surfac
geometrical errors,the sampling ratg and natural frequencies of the rotor may cause noise
disturbancesthus, amctive lowpass filter and notch filter must be fitted to the sep&id3].

Displacement sensors detect the linear position during the movement of a shaft without mechanical
contact. Three basic types of displacement sensor exist: capacitive, lasggcarminagnetic sensors.

In capacitive sensors, the air gap length is detected based on variations in capacitance. Therefore
satisfactory isolation between the sensor and the shaft is required, because it can change the dielectri
In laser sensors, digdements are detected by using a reflected laser light, thus, a uniform target
surface is required to prevent noigd. In some cases, these sensors can be used in AMB system
applications; however, electromagnetic sensors are considered to be effectgendoalpurpose
applications. Two types of electromagnetic sensors exist: inductive andeddpt type. In inductive
sensors, the target is made of a ferromagnetic material with high permeability, such as laminated
silicon steel, ferrite, or carbonesi. In eddycurrent sensors, the target is made of a conductive
material such as copper, noragnetic stainless steel, aluminum, carbon steel, or other metallic
materials. Depending on the application of the magnetic bearing and mechanical factorgra sens
suitable for each application can be desigrZ8][

Furthermore, the natural frequencies and bending sofithe rotor at a high rotation speed are
critical [6]. The collocation of each bearing units and displacement sensors is a common practice in
industrial AMB systems to decentralize control sch¢iy@]. Thus, the values of the displacement sensor
output must be accurate and noise must be avoided. The figicis fisel to remove the frequency noise
causing by the rotodynamic. In addition, general functions of displacement sensor in commercial
industry do not considerate with natural frequencies and bending modes. Hence, implementing
displacement sensorsitiv an AMB structure combining notch filter functions is useful in AMB
systemg4,5.

In this study, we implemented inductive displacement sensors using a differential inductive sensor

head, lockin amplifier, and filters.The DC voltage output athe inductive sensor is linearity7].
Lock-in amplifiers are used to detect and measure a small displacement of thi usisra technique
known as phaseensitive detection (PSD) to identify a component of the signal at a specific reference
frequencyandphase. Noise signaighose frequenciediffer from thereference frequency are rejected,
thus theydo not affect the measurement. This technigumlled synchronous demodulatic@h. [

The following points are discussed:

(1) The AMB system structer
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(2) Calculation of rotoresonances

(3) Inductive sensor hela

(4) Lock-in amplifier or synchronougdemodulation

(5) Low-pass filter and notcfilter.

(6) Built inductive sensors using IC AD630 and testraguls.

2. The Magnetic Bearing Construction System and NaturdFrequencies of Rotor

Figure lashows the typical structure of a motor drive systesing magnetic bearingsomprising
a left radial AMB, right radialAMB, axial AMB, and an induction motor. Each radial magnetic
bearing generates radial forces along twmpndicular radial axes. The radial forces are contrated
that the shaft position is regulated in ttenterof the statorat the equilibrium position. Figure 1b
shows the technical application of the AMB. Footion of the two degrees of freedom, twpposing
electromagnets are operated in the differential driving mddg]. In this configuration, the
electromagnetic forcis exerted on the rotor in arbitrary directions of ¥&xis andy axis to maintain
the rotor in thecenter iox andig, arebias currentsandiy, iy are control currents along tkendy axes
respectively.Positioning the rotor requirestwo differential displacement sensors to measure the
displacement value following the andy axes[3]. AMBs suspend a rotor with feedback control
through a measured displacement sensor signal. The qualiiesmirol system depend on the quality
of thesensor signaparticularlyin precision application®].

Furthermoreaccurately computg the natural fequencies othe rotor is crucial when it rotates at
high speedAt natural frequencies, the rotor vibrmtonsiderably Sincethe displacement sensor can
filter theconsonance frequenciestbérotor, thequality of nonlinear controlles will be improved|[6].

Figure 1. (a) Horizontal shafd Active magnetic bearingA(MB) structure; ) Radial AMB
with current contral

Left radial Axial [nduction Right radial

AMB AMB motor AMB

Rotor in magnetic bearings (a)

The rotor, shown in Figure 2, consists of a steel shaft with a radial AMBamdtboth ends, and
in themiddle, it contairs the rotor of induction motor arakial AMB.

Initially, a circular steel shaft, machined from AISI 4340 steel, was considered. This steel shaft had
a 346 mm axial length and a mass of kg2 AISI 4340 steel is a magnetic stainless steel, and its
specifcations are listed in Table 1.
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Figure 2. Rotor inside AMB

Rotor of left ! : Back i'ron Rotor of right radial AMB
¢ Rotor of induction motor of axial\
radial AMB

Table 1 Stainless steé\lS14340 specifications

Density (7 ) 7850 kg/m?
Y o u nModlus(E,, E , E) 200GPa
Poi s Ratim 6 s 0.29

In this work, the naturafrequenciesare estimated by analytical equation aatke simulatedby
ANSYS software.
Firstly, the shafd matural frequencieserecalculatedusingEquation (1) as followd[5]:

_ El
M/n_anW 1)
whereE, |, m,andlar e the Young6s modulus, inertia, ma

respectively, andd, is a numerical constant calculated bging the Rayleigh method5], which
depend on the problem boundaries. The valuesipfrom the first to the thirdree of bending modes
follow the bendifnrge evoicdisteasn =328, 8, =617, 8 F12le e

UsingEquation(1), we calculatd the natural frequencies of the circular rotor in Table 2:

Table 2 Natural frequencies of circular shaft

Mode 1stBending 2nd Bending 3rd Bending
Natural frequencies 770Hz 2,159Hz 4235Hz
Rotationspeedequivalent 46,200rpm 129540rpm 254100rpm

Secondlytherotor is modelled and simulated B\NSYS, and then theatural frequenciesan be
determired Thenatural frequencieare listedn Table 3 The simulation results of rotor bending mode
are shown in Figure 3’he results indicate that the values of the natural frequencies estimated by the
two approaches are close togetf@r

Table 3 Natural frequeaies of circular shaft using ANSYS

Mode 1stBending 2nd Bending 3rd Bending
Natural frequencies 762 Hz 2,055Hz 4,015Hz
Rotation speedquivalent 46,500rpm 127,380rpm 252900rpm
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Figure 3. Shaft bending mode
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3. Inductive SensorHead

Inductive proximity sensors operate under the electrical principle of inductance. An inductor coil on
a ferromagnetic core is driven by an oscillaidhen a ferromagnetic object approaches the cahof
inductor, the inductands changedThe inductancgariation is proportional to theéisplacement of the
ferromagnetic object7]. This change in inductance sensed byhe electronics function boaydnd
converted to a sensor output voltage propodida the displacemeniThe wo sensor headoppo®
eah other and the differential positions frequently arranged on a rotofFhese sensor headse
operatedn adifferential mode in a Wheatstobadge circuit with a constant AC signdl0,17].

Figure 4. (a) Inductive sensor head structufie) Sensorheadcharacteristic experiment
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Figure 4adisplays the inductive sensor head structure, an inductargan be express follows:

2
LA

(H) )



Sensor014 14 12645

where

N = number of turns of the coil

m = effective permeability of the medium.
2

a=Pd

, area of the core (fjy | =length of the coil andi = diameter of the core

A sensor measurement system lblase a commercially available LCR meter and a test rig with
high precision servonechanismswhich is shownn Figure 4h experiment sensor head with ferrite
core, N = 1300,d = 2.5 mm, | = 4.5 mm,the frequency and displacemettiaracteristics were
measuredn Figures 5i 7. In Figure 5, the internal resistance of sensor head is sufficiently small in
comparison with its reactance.

Figure 5. Frequency characteristic of inductisensohead
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In Figure 6 illustrates thathenincreag excitingfrequency excitet the inductance adensor head
in the range of displacement from 0 to b, the sensitive inductance decrease.

In addition,in Figure 7 illustrates that increasing the exciting frequency to the inductive sensor
head, the internal resistance of inductor coil also increase. This value affects the linearity of DC
voltage output.

Implementing the inductive displacement sensor wiigh sensitive, the frequency of AC
excitement must be set in range from 5 kHz up to 100 kHz prevent eddy current obstructing the
formation of magnetic path on the surface of rotor and the resistance of the sensor should be
sufficiently small in comparisowith its reactance [1]. In this experimewntth sampling frequency for
XxPC real time target is 4 kkHzve used a modulation frequency of 10 kHz, and theoffutequency
was 4 kHz, which is sufficient to control an AMB system.
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Figure 6. Characteristic of the inductangersusthe displacement
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Figure 7. Characteristic of the interneg¢sistanceersusthe displacement
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For measuing the gnsitive displacement of the rotoranair gap, we usiga differential inductive
sensor headvhich isshownin Figure8.

Figure 8 illustrates the basic structure of inductive sensors. The inductive sensor heads, placec
opposite each other, form as differential circuit. Figure 8a displays the positions of the inductive sensor
headsl,,,L,,, L,,,L,, in the radidsensor housing and the in Figure 8b inductive sensor Hgads,

in the axial sensor housingigure 9a,b illustrates the Wheatstone bridges equivalent diagram of sensor
heads for radial sensors. As shown in Figure 9c, the axial inductive sensdr head L,, are placed



Sensor014 14 12647

on the same side, thus, the exteme&rence inductor with the , inductance is equal to sum b&f,,

L,,, and then is combined with two variable resistors as the Wheatstone B&fge |

Figure 8. Inductive sensor head positior{fa) radial sensors;(b) axial sensors;

(c) experimental setup

Rotor

Ly —_—
' () (b) ©

Figure 9. The Wheatstone bridges equivalent diagréay X axis differential inductive
sensor{b) y axis differential inductive senso)(z axis differential inductive sensor.

Sine wave

Oscillator@
e

The voltagev,, in Figure9a, between the middle points of the sensor coils and the external resistors

is expressedsfollow:

_a L+ g 5
Vl_dJRlRl w8 -
cR+R [+l & ¥, -
where f, is the frequency ofAC excitement oscillator andj, =2 tf,, R and R, are resistances of
the external resistol,, and L, are equivalent inductancestbetwo sensor coild, andL,,, andr,,

r, are internal resistances bf ,L,, .
When the rotoris at the centerposition ofthe AMB, R =R =R, r,=r, ¥, andthe sensor

inductance id,, .
Whenthe rotor displacemeridx in anair gap:L, =L, +, andL, =L, -L,.

Vv, is given as:
v, & wil, 0.y, anl,
V\i=—Lgs—-— gi—L
' 2LXQ PL2+r? P 3 “)
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In Equation(4), when the sensor head chasdex in air gap length, the phase differenise
dependent on thBx displacement
v, andV, in Equation(4) connectto lock-in amplifier usedto detect the amplitude and differential

phase proportica to thedisplacement.
4. Lock-In Amplifier

Lock-in amplifiers are used to detect and measure small AC sigk@adurate measuremaithay be
achevedeven when the small signal is obscureéhpise source many thousands of times larger.drock
amplifiers use a technique known as P8Riéntify acomponent of the signal at a specific reference and
phasd8]. Noise signals, at frequencies other than the reference frequency are rejected and do not affect th
measurementn AMB system we usd alock-in amplifierwith PSD and filtes, thereby eliminating most
of the broadband noise. It enhastiee Sgnal tonoise ratio SNR) by averaging the measurement. In this
case the noise goes down as the square root of the number of averaged $&@mples

A common basic structure of loék amgifiers comprising a signal channel, nefece channel,

PSD, lowpassandnotch filtersis shown in Figurd.O.

Figure 10. Lock-in amplifier block diagram

Input u
signal Input o ?
=¥ channel titers _;C
output

Reference
signal Reference
chanel

U

PSD isthecore of the lockn amplifier. The output depends not only on the magnitude dhfhe
signal but also on the phase between the reference signal and the input signal cB@only used
in analog multiplies and electronic switching, the outputas follows

u, = uu, (5)
Suppose the reference signaltis=U, sinut, input signal isuS:USsin(Wt +/) and; is the
phase differencaJsing Equation (5), the following expression can be obtained:

_uyu, . UVU, .
u, —Tcos,/ — cos(2w 4 (6)
Equation (6)evealsthat the firsttermis the difference frequencgnd the secontermis thesum
frequency Through a lowpass filter, the sum frequency is filteramdthe resulis expressed as

VU oe
Uy == coy (7)

Equation (7) shows that the legk amplifier output signal is only related amplitudesof the input
signal] amplitudes othe reference signandthe phase differenceetweenthe reference signandthe
inputsignal.
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5. Active Low-PassFilter and Notch Filter
5.1 TheActiveLow-Pass Filter

An active low-pass filter allows low frequeng signak to pass from input to outpuwhile
attenuatinghe high frequency signal Theactive lowpass filters illustrated in Figurell. The ative
filter uses an operationaamplifier inaddition totheresistors andapacitos [13].

The transfer function is as follows

11
Vout — Rl RB (8)
Vi Clsal +C‘Qs-|i Ai 8;1#71
(; 1 RZ RB - RZ 3
Rearranging yields
1
Vout — R:Rs ©
V, , a1 1 16 1
" GG+ SGa + £ 5
gﬁ R: R: + RRs
Dividing by C,C,, we have the standard form
1
Vout - R.l RL3Q.C;
V. , 141 1 16 1 (10
S+s— +—

Cz(; 1 2 33+32F}>3qg

The transfer function is

TF - A
&+ %% 5 4y (19)
Q
where / = 1 and thereforgthe lowpass cubff frequency
2713
W= ot (12)
°V&&qg
as well as%:ia 1 +—1 Ai , and therefore the quality factor,
Q Cz C'™h Rz Rs
CZ
__ \VGR:R;
[ P S

R: R Rs
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The gain at zero frequency is as follows

"R, (14

Viﬂ ‘l -_—T V
out

O— ¢ O

The resistor and capacitor wetelculatedusing a cubff frequencyw, of 4 kHz, the frequency

response foanactive lowpass filter using agrational amplifier illustrateth Figurel12.

Figure 12. Frequency response factive lowpass filter using operatioramgifier .
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5.2. NotchFilter

The notch filterallows all frequencieso passwith the exception of a narrow band which is greatly
attenuated. Itheanalog design, the notch filtgenerallyuses LC resonance to eliminate the unexpected
frequency[13]. A notch filtercomprisingof resistor, inductor, and capacitor is shown in Figde 1
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Figure 13. Notch filter diagram
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R+ ZL4 ” Z:4 1- I/I/ZL4C4 +j V# (15)

4

The transfer function in Equation (15) was rewrite using Laplagiemplace jw:
S+w

TF=—> "0
£+ % s w2 (16)
Q

n

where, the nteh frequencywy, =

and the quality factor i1 = % :

44 4

The notch filter circuit effectively removes any signal occurring at the resonant frequency. For low
frequeng signals, the inductor provides a low impedance path from input to output, allowing these
signals to pass from the input, and appear across the resistor with minimal attenuation. Conversely, a
high frequencies, the capacitor provides a low impedancdrpathinput to output.

Figure 14. Frequency response for RLC notch filter
Bode Diagram
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As obvious listed in Table 2, the rotation speed was set at 50,000 rpm higher than the first bending
mode at 46,200 rpm or 770 Hz, thus, we used only one notch filter circuitatith frequency = 770 Hz.
The resistor and capacitor values were calculated, and the frequency response for the RLC notch filte
is shown in Figure 14.

6. Implementing an Inductive Displacement Sensor
6.1 Block andSchematic Design

Figure 15 displays thenductive displacement sensor block diagram. As the schematic design in
Figure 16 shows, the ICL8038 waveform generator was used for accuracy sine wave generation with
frequency 10 kHz. Another IC, the ADG630, is a high precision balanced modulatorgned si
processing applications include PSD, laslamplification, synchronous demodulatid[L5].

Figure 15. The inductive displacement sensor block diagram

I

Analog
: - , g output
Differential Lock-in amp/ Low-pass & p
amplifier Demodulation Notch Filter
=
A

A 10 kHz sine wave signal exciting the Wheatstone bridge was generated by ICL8038. The signal
input in the AD8221 was proportional to the displacement of the rotor, according to Equation (4). By
changing the variable resist¥/Ri value at Pin 2 and Pin 3 &fD8221, we changed the gain of
AD8221, which can be calculated using the following gain equation.

49.4W 1
Gain- 1 (17)

VRi=

The output signals from AD630 travel to the notch filter, then to the active low pass filter, and the
output is the DC voltage. We can change the gdithe active lowpass filter by calibrating the
variable resistor R12.

Figure 17a displays the inductive displacement sensor board, and Figure 17b displays the AMB test
rig functions. In this board, we used one chip sine wave generator ICL8038 chywoaAB®®30 chips
corresponding to axdisplacement sensor agdisplacement sensat4,15].
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Figure 16. Full Schematic of inductive displacement sensor for AMB
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6.2 PSpice Simulation

This design wasalsosimulatedusingthe PSpicesoftware. The resuls illustrated inFigure B. The
outputsignal changed followthe phase shift dhereference signal and sensor input signal.

Figure 18. Pspice simulation result

6.3 ExperimentaResults
We usel adifferential inductive sensor and legkamplifier, the output signal was shown in Figuge 1

Figure 19. Experimental result imscilloscope (a) Experimental board setygb) Signal
measurements

Figure 20 shows thatthe DC outputwaslinear. We can change the slope output by cimantipe
gain of the active lowpass filter by the way chamgy the value ofR12 Figure 21 illustratesthe
response frequency of this sensor. Theattifrequencywas4 kHz, andnotch frequencyvas 770Hz,
The specification resdof the differential inductive displacement sensme summarized in Table 4



