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Abstract—Position sensing is one of the crucial parts of
the active magnetic bearing (AMB) system. The printed circuit
board (PCB) eddy current position sensor is a new type of
position sensor for the AMB system, which makes a compact
structure, high sensing quality, and is low cost. In this article,
an improved driver circuit is proposed for this new sensor.
The driver circuit includes an excitation circuit and signal
conditioning circuits. A crystal oscillator circuit with a power
stage is used to provide the excitation coil with a stable
excitation source of high stability and good precision of
frequency. The analog demodulation circuit is designed for
signal conditioning circuits to extract the rotor displacement
information from the sensing coil outputs. Compared with the
state-of-art driver schemes, the proposed method reduces
the circuit complexity and cost. Accordingly, the experimental
results show that the designed sensor has good linearity and
sensitivity, and it can ensure AMB stable operation at the rated
speed.

Index Terms— Active magnetic bearing (AMB), driver
circuit, eddy current sensor, position measurement.
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I. INTRODUCTION

HE active magnetic bearing (AMB) has attractive features

such as no contact between rotor and stator, no lubrica-

tion needed, no mechanical wear, extended lifespan, and the

ability to actively control rotor dynamics [1]. Therefore, it is

favorable and promising in many critical high-speed industrial

applications, where conventional mechanical bearings have a
limited life span.

Rotor position measurement is a key part in the AMB

system, and two prominent techniques of obtaining the rotor
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position are self-sensing and dedicated noncontact sensors [2].
The self-sensing approach abandons the integration of physical
position sensors and extracts the position information from
the electromagnetic signals in the bearing actuators [3]-[5].
However, it is most often at the expense of a loss of system
robustness and increased controller complexity [2], [6]. Most
dedicated state-of-the-art AMBSs still use dedicated position
sensors, usually including inductive and eddy current sensors.
These position sensors could provide the rotor displacement
information accurately and quickly. A 5-DOF AMB system,
as shown in Fig. 1, needs multiple sensors (at least five;
even ten for the differential measurement) to obtain the rotor
displacement in each direction [7], [8], which is high cost and
space-consuming.

Biihler proposed a printed circuit board (PCB) sensor for the
rotor radial displacement based on the eddy current effect [9].
The coils are etched on the PCB, replacing the sensor probe
of the conventional sensor. Such a design allows a compact
design of the AMB system, guarantees sensor uniformity,
reduces the cost, and avoids the synchronization problem
of multiple sensor probes [17]. This sensor is also called a
transverse flux sensor (TFS) in [10] since it uses the transversal

republication/redistribution requires IEEE permission.
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Fig. 1. 5-DOF AMB system.

Axis of rotation

.. PCB coil

Magnetic fi\eld

Rotor

Radial movement
direction of rotor

Fig. 2. Layout of eddy current sensors. (a) Conventional configuration.
(b) TFS.

field variation to detect the rotor movement. In contrast, the
traditional eddy current sensor uses the vertical field variation.
The layout comparison between the conventional eddy current
sensor and the TFS is shown in Fig. 2. The TFS is further
developed for high-temperature AMBs using the thick-film
manufacturing techniques in [11]. Furthermore, the sensor is
modeled by different methods including the 2-D finite element
model (FEM) [12], [13], 3-D FEM [14], and partial element
equivalent circuit (PEEC) method [15], and optimal design
laws for the TFS are summarized by comprehensively analyz-
ing various parameters regarding the sensor performance.

Niemann develops a high-precision driver for the TFS
in [16]. The sensor driver mainly includes a sensor excitation
circuit, a signal conditioning circuit, and the subsequent digital
processing circuit. A direct digital synthesis (DDS) chip could
perform a wide range of simple and complex modulation
schemes and is chosen to generate the excitation signal in [16].
However, it increases the cost and circuit complexity. The
signal conditioning circuit in [10] applies direct digital demod-
ulation and filtering scheme. This scheme requires extremely
high-speed analog-to-digital converters (ADCs) and a very
high-throughput rate, resulting in a heavy burden on digital
processing. In addition, this scheme needs to detect both the
amplitude and phase of the output signal.

This article focuses on a simpler and more convenient con-
figuration for the TFS driver to improve production efficiency.
To simplify the sensor circuit and reduce the difficulty of
configuration, this article proposes a totally analog design of
the sensor driver based on the fixed frequency oscillator and
analog demodulation.

I - 1
ing coils

/ /

g
Sens

I —
|
Ml ('x)l ¢ senll
i_ =1 | Lsenl i Usenl
I .l L | Csenl
U @ ::I Lexc | ===5
exc Cexc | I | |
I M Rsen2| U
= Iy L : sen2
Excitation coils” Mo (¥)Ig 75 | C
° | sen2
L=

Sensing coils
(c)

Fig. 3. Principle of TFS for position detection with (a) centered rotor and
(b) eccentric rotor. (c) Equivalent circuit of the TFS.

The article is organized as follows. The principle of TFS
detecting the rotor position is first introduced in Section II.
In Section III, the design of the improved driver circuit is
depicted in detail. The results from the experimental setup
are described in Section IV. Finally, Section V concludes this
article.

[I. SENSOR THEORY
The principle of the transverse flux displacement sensor is
shown in Fig. 3. The TFS consists of a PCB and a central
rotor target, and there is an excitation coil wound around
the rotor on the PCB and four sensing coils surrounding the
excitation coil. Driven by a high-frequency voltage or current,
the excitation coil generates a concentric magnetic field and
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induces voltages in the four sensing coils. The rotor is electri- TABLE |
cally conductive and weakens the excitation magnetic field by PARAMETERS OF THE USED TFS
an ed(.ly currept arou.nd its axis. The induced voltfiges in the Parameter Value
opposing sensing coils are equal when the rotor is centered Rotor material Aluminum alloy
as shown in Fig. 3(a) due to the symmetry of the structure. Rotor diameter 28.4mm
When the rotor is displaced laterally from the center position o couter hole diameter 31 mm
cn the rotor 1s displaced laterally Irom the center posiio Tack width 0.127mm (5mil)
as shown in Fig. 3(b), the magnetic field distribution in the Track clearance 0.127mm (5mil)
opposing sensing coils becomes asymmetric since the field Track copper thickness 0.089mm(1oz)
. PCB substrate thickness 12mm
generated by the rotor eddy current becomes asymmetric and oo
; R . Excitation frequency 6MHz
superposed with the excitation field. Therefore, the induced Excitation coil inductance Loxe 3.085uH
voltage difference between two opposing sensing coils could Excitation coil resistance Rexc 4.50
indicate the rotor displacement. Excitation coil quality factor Qexc 25.884
X Sensing coil inductance Lgsen 3.86uH
The TFS can be modeled by an equivalent transformer Sensing coil resistance Rsen 4.6Q
circuit as depicted in Fig. 3(c). Lexc, Lgenl, and Lgep2 are Sensing coil quality factor Qsen 31.666
the inductance of the excitation coil and two opposing sens- dE]’\‘/?ta;‘(‘;i voltage amplitude Uexc (2]4&/1 16,0/
ing coils, respectively; Rexc, Rsenl, and Rgepp are the resis- diff :
tance of the excitation coil and two opposing sensing coils,
respectively; Mi(x) and M>(x) are the mutual inductance fm———————————
between the excitation coil and two opposing sensing coils, | PCB sensor driver :
respectively. The capacitors Cexc, Csen1, and Cgen2 are added : Excitation circuit |
to form the resonant circuits and provide extra gain for the | |
sensor. Th§ O.thptllt voltage difference Ugirr of two opposing [ PCB sensor coils I
sensing coils is given by [15] | I
I
j Mgt Iexe || Signal Conditioning circuit ||
Udift = Usenl — Usen2 = — 2 (D | e D dulati |
JORsenCsen — @7 LsenCoen + 1 | cmodulation |
T Difference |
where Mgift = M1 — M2; Rsen = Rsent = Rsen2, Lsen = | e Filtering [
Lsen1 = Lgen2, and Cgen = Csenl = Csen2 due to the symmetry || e Scaling I
of the opposing coils; and Iexc is given as )
Uexc
Iexe = —— (2)
JoLexc
. . o . Controller
when an ac voltage source is applied to the excitation coil,
which could increase the sensor sensitivity [17]. ) o ) ) )
The resonant frequency in (1) can be calculated as Fig. 4. Overall diagram of the designed sensor driver.
S 1 3)
res — - ————-
27 o/ LsenCsen >. C
Active I_|_I /\/
When the sensor works at the resonant frequency, the crystal L
e e e €xc
sensitivity can be expressed as oscillator S1 LPF S2 »

_ dUdgirr o Lsen  dMaise
dx T Lexe Reen dx

The TFS model of (1)—(4) has been developed and inves-
tigated in [15] by the PEEC method. A further and thorough
analysis of the various influence factors on the sensitivity
is conducted in [13] and [14] using the 2-D and 3-D FEM,
respectively. The used TFS design in this article is proposed
according to the analysis in [14], and it is specified in Table 1.

N “)

I1l. DRIVER CIRCUIT DESIGN
The designed sensor driver is illustrated in Fig. 4, and it
consists of a sensor excitation circuit, a PCB sensor, a signal
conditioning circuit, and the subsequent sampling and process-
ing circuit. This article focuses on the analog design of the
sensor driver.

Fig. 5. Excitation circuit.

A. Excitation Circuit

The designed excitation circuit is shown in Fig. 5. It works

as an ac constant voltage source to provide a voltage input with
the resonant frequency to the excitation coil. The excitation
source needs to be accurate and stable. Any variation in
the excitation signal will result in a variation in the sensor
output signal, causing erroneous position readings and faulty
control of the AMB. The traditional oscillation circuit for eddy
current sensors such as the Colpitts oscillator is sensitive to
the circuit parameters [18]. Considering the frequency stability
and easy realization of the circuit, an active crystal oscillator
is used to generate the excitation signal due to its high quality
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Fig. 6. Measured signal S3. (a) Waveform. (b) Frequency spectrum.

factor. The square wave signal (S1) generated by the active
crystal oscillator is first passed through a second-order active
low-pass filter to generate a sinusoidal signal (S2); then the
sinusoidal signal (S2) is converted into a pair of differential
signals fed to the power amplifiers (PAs), and the excitation
signal has enough energy to generate eddy current in the
rotor. Such a differential drive circuit doubles the swing range
of the excitation voltage and therefore increases the sensor
sensitivity. The capacitor Cexc is in parallel with the excitation
coil to alleviate the output current of the PAs. Fig. 6(a) shows
the waveform of the signal S3 applied to the excitation coil,
and Fig. 6(b) presents its frequency spectrum. The signal S3 is
measured at varying rotor positions and is found to be constant
throughout. The amplitude stability of the excitation circuit is
thus guaranteed.

B. Signal Conditioning Circuit

The induced voltage signals from the sensing coils are
fed to the signal conditioning circuit as shown in Fig. 7.
These sensing signals are demodulated, filtered, differentially
operated, and scaled to the proper range for the ADCs. The
resonant circuit formed by the sensing capacitor Cgep and the
sensing coil could significantly increase the sensing signal
amplitude and suppress the nonexcitation frequency signal
components. However, the sensing capacitor in this article
is selected such that the sensor operates slightly off the

Amplitude
| detection

J

&= "=—n

BT

Amplitude
detection

Fig. 7. Signal conditioning circuit.

resonant frequency to reduce the sensitivity of the output to
the component parameter variation and to keep the sensing
signal relatively stable. Meanwhile, it would cause some signal
amplitude loss.

It can be seen from (1) that the amplitude variation in the
sensing voltage reflects the rotor position variation. Therefore,
amplitude demodulation is necessary. A simple amplitude
detection circuit shown in Fig. 7 is constructed using a diode,
a resistor, and a capacitor to convert the sinusoidal sensing sig-
nal into a dc value. According to [19], the amplitude detection
capacitor Cpg and resistor Rpk are selected to satisfy for

Au V1 —m?
— =< Rkapk = (5)
we WM

where @, is the carrier frequency, i.e., the excitation frequency
in this article; w,, is the modulation frequency; Au is the
required normalized output ripple in %; and m is the modu-
lation index.

The sensing voltage amplitude in our design exceeds the
input range of the ADCs, so a resistor divider network is used
here to scale down the amplitude demodulation circuit output.
Next, the amplitude difference between two opposing sensing
coils is obtained by the subtractor, and it is then passed through
an anti-alias filter and ready for sampling by ADCs.

The dynamic property of the sensor is determined by the
dynamics of the amplitude detector and the anti-alias filter
before ADC [20], and it is given by
1——1

2 fe Rpk Cpk
Jjo
2fc
where Hp(jw) and Hip(jw) are the transfer functions of the
amplitude detector and anti-alias filter, respectively.

Hy(jw) = Hpk(jo)Hip(jo) = Hip(jo) (6)

IV. EXPERIMENTS

Several tests are conducted to evaluate the performance of
the designed TFS in this section. A static calibration platform
as shown in Fig. 8(a) is built for the sensor’s static charac-
teristics test and calibration. The 2-D translation calibration
platform can move the measured rotor with a step of 0.01 mm.
The oscilloscope is used to measure the sensor output signal.
Afterward, TFS is integrated into an AMB system, as shown
in Fig. 8(b), for the static suspension and rotation experiments.

The component parameters of the designed sensor driver are
shown in Table II.

The anti-alias filter in this article is a second-order low-pass
Butterworth filter, and its —3-dB cut-off frequency is designed
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TABLE Il

PARAMETERS OF THE DESIGNED SENSOR
Parameter Value
Excitation capacitor Cexc 240 pF
Sensing capacitor Csen 160 pF
Amplitude detector capacitor Cpy 10 pF
Amplitude detector resistor Rpy 1.0523 MQ
Amplitude detector diode 1N4148W T4

Fig. 8. Experimental setup. (a) Static calibration platform. (b) AMB
system with TFS.

at 10 kHz. According to (6) and the parameters in Table II,
the magnitude and phase frequency response of the designed
sensor are presented in Fig. 9.

A. Static Characteristics Test

The TFS can measure two radial displacements simul-
taneously. The measuring range of the designed sensor
is £1.4 mm. The rotor is centered in one direction and moved
in the orthogonal direction. The designed sensor is measured
four times in two opposite stepping directions (i.e., from

—_ 0 7
g
- -3 dB, 9.988 kHz
3
£ 507 1
=)
en
s+
=
-100
0 T T T |
)
[}
Z 90+ 1
2
<
=
A -180 1
107 10° 10
Frequency (kHz)
Fig. 9. Magnitude and phase frequency response of the designed
sensor.
TABLE Il
PERFORMANCE SPECIFICATION
Specification X direction Y direction
Sensitivity 1.143 V/mm 1.201V/mm
Linearity 5.08% 5.21%
Repeatability 0.32% 0.64%

—1.4 mm to +1.4 mm and from +1.4 mm to —1.4 mm),
respectively. Fig. 10 shows the output characteristics Uy (x)
and Uy (y) of the designed sensor in two orthogonal directions,
respectively. The corresponding performance specification is
listed in Table III.

As the rotor displaces in one direction, the output voltage
of the other direction remains almost constant, and the slight
variation is introduced by mechanical assembly error and some
little differences in circuit parameters between the two sensing
coils. Therefore, the outputs of the X and Y directions are
decoupled.

The scaling factor of the conditioning circuit is 0.211 in this
design, and the theoretical sensitivity calculated by (4) after
scaling should be 1.467 V/mm. It can be seen from the test
results that the sensor actually has a sensitivity of 1.143 and
1.201 V/mm in the X and Y directions, which are lower than
the theoretical value. This is because we choose the sensing
capacitors that make the sensor work beside the resonant
frequency to keep the sensing signal stable. Thus, the actual
output sensitivity is decreased compared with the theoretical
value. Also, this might be attributed to factors such as PCB
manufacturing imperfection and distribution parameters of
wiring.

Besides, the above non-ideal factors cause differences in the
performance of the two directions.

B. Work Test

The sensor is further mounted on an AMB system to prove
that the designed sensor could ensure the normal operation of
the AMB system. The output signals of the designed sensor
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Fig. 11. Sensor outputs under rotor static suspension experiment.
1 L 4
; ®  Measured Uy . .
. Linear fitting of Uy(y) 0.4 1000 r/min 2000 r/min
—e— Measured Uy
0 1 1 1 1 1 0.2
15 -1 -0.5 0 05 1 15 o
Displacement y (mm) 0
(b) 02
Fig. 10. Static output characteristics of TFS in (a) X-direction and E 0.4
(b) Y-direction. = 3000 r/min 4000 r/min
Rz 0.4
X
are fed into the controller, and a static suspension experiment ‘i 0.2
and rotational suspension experiments are carried out. = 0
With the designed sensor incorporated into the control =
system, the rotor can be stably suspended near the center g* -0.2
position. Fig. 11 shows the output signals of the designed ° 4
sensor under the rotor stationary suspension. According to 2 5000 1/min 6000 1/min
the static input—output characteristic equations in Fig. 10, the é 04
unit of the sensor output is converter to mm here. The peak- 0.2
to-peak values of the sensor signal in the X and Y directions 0
are 32 and 27 um (8% and 6.75% of the maximum range),
respectively. 0.2
Further rotational experiments proceed with the designed 0.4

sensor, and the stable rotor suspension up to 6000 r/min is
achieved. Fig. 12 shows the rotor orbits from the sensor output
signals. The rotor displacement range is within £250 pm.
It should be noted that the rotor lateral displacement is closely
related to control algorithms and the sensor performance. Since
the sensor is mounted at the end of the shaft, the measured
surface has obvious run-out, which can be observed from the
rotor orbits in Fig. 12. , From the test data above, it can
be concluded that the designed sensor can ensure reliable
operation of the AMB system.

-04-02 0 02 04 -04-02 0 02 04

Sensor output in x-axis (mm)

Fig. 12. Rotor orbits plotted from sensor output signals with different
rotation speeds.

V. CONCLUSION
This article presented an improved drive circuit for the PCB
eddy current position sensor. A crystal oscillator circuit with
a power stage is designed as the excitation circuit to improve
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the stability and consistency of the excitation signal. A simple
analog demodulation circuit is applied to extract the rotor
displacement signals. The demodulation circuit can output a
dc voltage signal, which is proportional to the displacement.
By static characteristic tests, the proposed sensor design shows
good linearity and sensitivity. The dynamic work test results
show that the magnetic bearing rotor can be stably operated
up to 6000 r/min. The driver circuit is simple, low-cost, and
reliable.
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