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Abstract—The displacement sensor is of vital importance for
the levitation control of the active magnetic bearing (AMB). For
the most widely used eddy current sensor (ECS), it is easy to be
affected by electromagnetic interference (EMI) produced by the
high-frequency switching of the AMB drive converter. This phe-
nomenon has been sophisticatedly researched in this article. The
circuit model of the ECS along with its conditioning circuits have
been constructed to predict the conducted EMI in the sensor up to
30 MHz. The mechanism of the EMI on sensor signals have been
analyzed. The impact of high-frequency EMI on low-frequency
closed-loop control has also been explained. The suppression meth-
ods of the EMI effect on the ECS have been proposed based on ei-
ther high-frequency or low-frequency mechanism. The experiment
results have shown that the constructed model can well predict the
effect of EMI in the ECS, and the proposed suppression method
can significantly improve the measurement accuracy of the ECS.

Index Terms—Active magnetic bearing, eddy current sensor,
electromagnetic interference.

I. INTRODUCTION

THE displacement sensor is an indispensable component
in electromechanical systems to achieve accurate position

control. As a typical type of noncontact displacement sensor,
the eddy current sensor (ECS) is based on the principle of
electromagnetic induction, making it insensitive to any non-
conductive media. It offers advantages like a simple structure,
high sensitivity, and wide frequency response, allowing it to
achieve micron-level resolution [1]. As a result, it is widely
used in applications such as measuring rotational speed, metal
workpiece geometric dimensions, and surface roughness. It is
also the most commonly used type of displacement sensor in
active magnetic bearings (AMB) [2].

The typical AMB system with ECS is shown in Fig. 1. The
AMB is a special type of bearing, which uses the power elec-
tronic converter to actively control the electromagnetic force,
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Fig. 1. Working principle of the AMB.

thus, to achieve stable levitation and position control of rotors.
It has advantages such as no friction loss, no lubrication re-
quirements, low noise, and so on, making it a better choice for
levitation of high-speed rotating machinery. Also, the AMB is
an open-loop unstable system [3], thus, the precise measurement
of displacement is of vital importance for its reliable operation.

There has been plenty of literatures that concentrate on the
optimization of ECSs [4], [5], [6], including selecting the best
excitation frequency and geometry [4], improving the efficiency
of the drive circuits [5], and increasing the linear degree [6].
More importantly, the working environment of the ECS will also
significantly influence its performance. In this regard, plenty of
literatures have concentrated on the impact of temperature on
ECSs, providing a series of temperature compensation schemes,
thus greatly expand the working temperature range [7], [8].
However, the electromagnetic environment will also affect the
normal operation of ECSs. When the ECS is applied to AMBs,
which is a typical type of electromechanical system, the con-
tinuous high-frequency switching actions of power electronic
converters can cause electromagnetic interference (EMI) over a
wide frequency range. The common mode (CM) EMI has been
found easily coupled to the ECS and would cause significant
fluctuation on the displacement signal, thus, deteriorate the
levitation accuracy [9]. Regarding this issue, there have been
some pioneers focusing on the phenomenon of high-frequency
interference of sensors in electromechanical systems driven by
power converters.

With respect to the analysis method of EMI effect on sensors,
a general technique is to conduct the electromagnetic sensitivity
tests of the sensors. With this method, the sensor is regarded
as a black box. Aiello et al. [10] assessed the Hall effect
sensor’s susceptibility to EMI using the bulk current injection
method, and Lei et al. [11], [12] done the test for the ECS under
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different kind of EMI. To conduct the tests, the RF generator,
power amplifier, and the antenna are needed, so that the sensor
can be tested under different type of interference (electric or
magnetic field), with different configurations and parameters,
thereby achieving repeated optimization and testing process of
the sensor. To understand the propagation mechanism of the
EMI, the basic approach is to qualitatively analyze the charac-
teristics of the noise source and the coupling path [13], [14]. For
quantitative analysis, some researchers have modeled the key
components in sensors, which are typically active components.
Fiori and Crovetti [15] built nonlinear demodulation models for
the interference introduced at the input stage of the operational
amplifier (Op-Amp), based on which the high-frequency model
of the Op-Amp was constructed with bandwidth above GHz
[16]. Sui et al. [17] proposed transfer impedance measurement
based model of the power delivery circuit. Furthermore, in the
system level, Chen et al. [18] analyzed the CM conducted EMI
in variable reluctance resolvers used in the electric vehicles and
constructed a behavioral model to predict the interference. Still,
the existing researches have seldom provided a sophisticated
analysis on the mechanism of EMI affecting ECSs. The analysis
of EMI coupling path, as well as the high frequency models of
the probe along with the conditioning circuits of the ECS are
still to be studied.

With respect to the solution of the EMI effects in sensors,
additional passive filters are usually needed in the sensing path
[18], [19]. Shielding can be also effective in some certain situ-
ations. Yoo et al. [13] built electric field shield for Hall effect
current sensor, while Kim et al. [14] built magnetic field shield
for motor resolver. Most of these solutions are based on empirical
design and lack the guidance of modeling. Another solution
is to modify the structure of the sensor, thus, to improve the
conduction path of the EMI. Aiello and Fiori [20] and [21]
reconstructed integrated current sensors based on Miller effect
or Hall effect, thus, to disconnect the original conduction path
of EMI. But these works only take the input current wire as
single interference source and did not take into account the
complex coupling path of EMI in practical application scenarios.
Also, since the ECS has a fixed frequency excitation signal, Pan
et al. [22] and Nabavi and Nihtianov [23] adopted filters to this
signal to reduce the sensitivity of ECS to external interference,
but this would be inadequate in dealing with wideband EMI
noise caused by power electronic converters.

Furthermore, as the demand for dynamic performance and
carrying capability of AMB increases [24], the switching fre-
quency and voltage level of their power electronic converters are
also increasing [25], resulting in more severe EMI. Therefore,
the electromagnetic compatibility (EMC) of ECSs should be
given greater consideration.

In view of these problems, this article aims to quantitatively
analyze the impact of EMI from the controller of AMB on the
ECSs and tries to propose solutions. The rest of this article
is organized as follows. In order to achieve the goals, the
basic operation principle of the ECS as well as the analysis
of EMI coupling path have been presented in Section II. The
high-frequency equivalent circuit model of the ECS along with
its conditioning circuit were constructed in Section Ⅲ, whose

Fig. 2. Schematic diagram of eddy current effect.

accuracy is verified in Section Ⅳ. Then, the mechanism of
CM EMI on sensor signals were analyzed in Section Ⅴ. Next,
two novel methods right corresponding to the mechanism were
proposed in SectionⅥ to significantly suppress the EMI effects
in sensor signals, thus, improve the EMC of the ECS. Finally,
Section Ⅶ concludes this article.

II. OPERATION PRINCIPLE AND SYSTEM

STRUCTURE OF THE ECS

A. Working Principle of ECSs

The operation principle of the ECS is based on the eddy cur-
rent effect, as illustrated in Fig. 2. The excitation current on the
probe coil will generate a high-frequency varying magnetic field
in the air gap between the probe and the detection target, which
can induce eddy currents on the detection surface. According
to Lenz’s law, these eddy currents will weaken the magnetic
field in the space, thereby reducing the equivalent inductance of
the probe coil. Also, the extra loss caused by eddy current will
increase the equivalent resistance of the coil. The impedance of
the ECS probe can be presented by

ZECS = f(g, ρ, μ, f) (1)

where g is the distance between the probe and detection surface,
f is the frequency of the excitation current, which is set as
constant, ρ and μ are the conductivity and permeability of
the detection surface, respectively, both of which are constant
values. Therefore, only the distance g will influence the coil
impedance, the displacement measurement can be achieved by
detecting the impedance change of the coil.

According to the characteristics of the eddy current effect,
it can be described using a transformer model. As shown in
Fig. 3, the characteristics of both the probe coil and the detection
surface can be represented by series-connected resistors and in-
ductors, serving as the primary and secondary sides of the trans-
former, respectively. The magnetic coupling caused by the eddy
current effect can be characterized by the mutual inductance
between the primary and secondary sides. This circuit can be
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Fig. 3. Transformer model of the ECS.

Fig. 4. System structure of the ECS and the AMB.

described by{
Uc = Rcic + jωLcic − jωMeciec

0 = Reciec + jωLeciec − jωMecic
. (2)

Then, the equivalent impedance of the primary side Zc can be
presented by

Zc(ω, g) = Rc + k(ω, g)Rec + jω[Lc − k(ω, g)Lec] (3)

where

k(ω, g) =
ω2Mec(g)

2

R2
ec + (ωLec)

2 .

Thus, it can be defined that{
R∗(ω, g) Δ

= Rc + k(ω, g)Rec

L∗(ω, g) Δ
= Lc − k(ω, g)Lec

. (4)

The eddy current effect introduces an extra positive resistance
and negative inductance. The factor k is a function of both ω and
g, but at a specific distance, it can be approximated as a constant
within the high-frequency range.

B. System Structure and EMI Coupling Path of the ECS

The system structure where the ECS is implemented in the
AMB system is shown in Fig. 4. The AMB platform in this
article is a typical two-DOF eight-pole radial bearing and it is
driven by a four-leg converter as has been presented in [9].

To study the propagation path of EMI in ECS, we designed a
prototype based on its working principles, including the probe,
cable, and conditioning circuits. The cable is a coaxial cable

with a shielding layer. And its characteristic impedance is 50 Ω.
In the conditioning circuit, the excitation circuit generates a
high-frequency sinusoidal excitation voltage of 2 MHz, an 1 kΩ
resistor is used to divide the voltage with the probe, converting
the changes in the probe impedance into changes in the probe
voltage. The demodulation circuit performs peak detection on
the probe voltage. An isolated dc–dc module serves as power
supply of the ECS, and an isolated Op-Amp is used to isolate
the sensor from the external circuits. Additionally, a CM inductor
is configured at the power input to suppress the propagation of
CM EMI in the ECS.

As illustrated in Fig. 4, the interference experienced by the
sensor primarily originates from two sources. First, the switch-
ing of the converter will induce a high-frequency voltage on the
AMB frame and rotor. Since the probe of the ECS is mounted on
the frame and the coil faces directly towards the rotor surface,
these high-frequency interference will conduct into the coil
through the stray capacitors. Second, the radiated EMI in the
space will induce an interference voltage on the shielding layer
of the coaxial cable. Note that the radiated EMI could be mainly
contributed from CM EMI on the cable of AMB drive [26],
thus, the DM EMI of the AMB system will seldomly influence
the sensor. These two interference sources will form interference
currents through the excitation circuit, isolated dc–dc module,
and CM inductor, thereby affecting the normal measurement of
the sensor. It is worth noting that the demodulation circuit hardly
conducts EMI, because the EMI coupled from the input stage
of the Op-Amp can be omitted as will be addressed later. To
measure the total EMI of the whole system and also the coupled
EMI in ECS, LISNs are added at the power supply sides of both
the main circuit and the ECS.

Since the interference on the ECS comes from both conducted
and radiated EMI, it will be in a super wide frequency range.
However, the excitation frequency of the sensor is usually set
between several hundred kHz and 10 MHz, with a highest
22 MHz found in [23], thus, the EMI within in 150 kHz-30 MHz
will superimpose with the excitation signal and significantly
affecting its normal operation. For higher-frequency radiated
EMI (above 30 MHz), due to its much higher frequency than
excitation signal, its effect can be easily eliminated by low-pass
or band-pass filter as has been proposed in [22] and [23].
Therefore, this article only cares about the coupled EMI below
30 MHz, which include the conducted EMI and low-frequency
radiated EMI, as illustrated in [26].

III. CONDUCTING MODEL OF EMI IN ECS

To quantitatively analyze the propagation characteristics of
EMI in the ECS, it is necessary to construct high-frequency mod-
els for each component, including the probe, cable, Op-Amp-
based excitation circuit, dc–dc power module, CM inductor, and
LISN, which will be introduced separately.

A. High-Frequency Model of the Probe

The probe of the ECS includes a coil, a capacitor, and an
iron shell. The parallel capacitor is used to resonate with the
coil, increasing the variation amplitude of the probe impedance
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Fig. 5. Lumped parameter equivalent circuit of the ECS probe.

Fig. 6. Measured impedance of coil with iron shell.

caused by the detection distance, thereby enhancing the sensi-
tivity of displacement measurement. The iron shell is used to
fix the probe coil onto the frame of the AMB. The ECS is used
to measure the displacement of the rotor, thus, the rotor surface
serves as the detection surface of the sensor.

The lumped parameter equivalent circuit of the entire probe
is shown in Fig. 5. The probe capacitance Cp2 along with its
equivalent parallel resistance Rp3 can be measured directly. The
equivalent model of the coil includes a series RL branch repre-
senting the winding and a parallel RC branch representing the
interturn effect. Specifically, Rp1

′ and Lp1
′ are both composed

of three parts {
Rp1

′ = Rc +ΔRcf +ΔRcr

Lp1
′ = Lc −ΔLcf −ΔLcr

(5)

where Rc and Lc are the original resistance and inductance of the
coil,ΔRcf andΔLcf are the additional resistance and inductance
introduced by the magnetic coupling between the iron shell and
the coil, and ΔRcr and ΔLcr are introduced by the eddy current
effect with the detection surface. Also, the paralleled RpT and
LpT are set to represent the skin effect of the eddy current effect.

Fig. 6 shows the measured impedances of the bare coil and
coil plus iron shell. It can be seen that the iron shell can indeed
change the RL characteristics of the coil. Some parameters of
the coil can be decided by the measured results⎧⎪⎨

⎪⎩
Rc � Re(ZP1), Rc +ΔRcf � Re(ZP4)

Lc � Im(ZP2)
2πfP2

, Lc −ΔLcf � Im(ZP5)
2πfP5

Cp1 � 1
Lc(2πfP3)

2 , Rp2 � Re(ZP3).

(6)

Next, the differential mode (DM) impedances of the probe
(Zp) were measured at different air gap g, the results are shown
in Fig. 7. It can be seen that the eddy current effect will increase
the low-frequency impedance and reduce the impedance in mid
frequency range, which is consistent with the transformer model

Fig. 7. Impedance of the probe under different g.

Fig. 8. CM capacitance between the probe and the detection surface.

mentioned earlier, resulting in ΔRcr and ΔLcr in (5). More
importantly, as g decreases, the phase of the mid frequency band
significantly decreases, which is caused by the skin effect. Only
using series RL branch cannot characterize the skin effect, thus,
the paralleled RpT and LpT are essential for the model. Taking g
= 0.5 mm as a typical example to build the model for the ECS,
note that all modeling work below is under this condition. The
remaining parameters of the equivalent circuit of the coil can be
calculated based on the measurement results{

Rp1
′ = Re(ZP6), Rp1

′ +RpT = Re(ZP7)

Lp1
′ + LpT = Im(ZP6)

2πfP6
, Lp1

′ = Im(ZP7)
2πfP7

.
(7)

Then, the CM capacitance between the probe and the detection
surface is tested and shown in Fig. 8, it can be seen that the CM
capacitance decrease with the increase of distance g. Note that
the CM capacitances are measured on condition that the probe is
mounted on a calibrator, thus, the iron shell are connected with
the detection target, and the measured capacitance is Ccf+Ccr.
The Ccf can be decided by set g≈�.

The predicted impedances of the probe model are compared
with the measured results, which is shown in Fig. 9. When g
is set as �, there’s no eddy current effect, the model fit well
with the measured results. When the eddy current effect is taken
into consideration at g = 0.5 mm, ΔRcr, ΔLcr,RpT, and LpT

are added to the model, which still turns out to fit well with the
measured results.

B. Model of the Shielded Coaxial Cable

The signal transmission of commercial ECSs typically uses
the shielded triaxial cable, whose cross-sectional diagram is
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Fig. 9. Comparison between predicted and measured impedance.

Fig. 10. Cross-sectional diagram of the triaxial cable.

Fig. 11. Lumped parameter equivalent circuit of one cable segment.

shown in Fig. 10. It mainly includes the inner signal layer, the
outer signal layer, and the shielding layer. Sensor cables are usu-
ally several meters long. When considering the frequency band
of up to 30 MHz, the transmission line characteristics resulting
from the distributed parameter properties must be considered.
A typical way to cope with this is to piece together multiple
lumped parameter circuit segments, as presented in [27] and
[28]. According to the multiconductor transmission line theory
[29], [30], the equivalent circuit segment of the triaxial cable is
shown in Fig. 11. The length of the cable of the ECS is 4 m, and
its model is divided into 8 segments with 0.5 m for each one.

As shown by Fig. 10, the inner conductor is concentric wire, so
that the skin effect cannot be ignored in high-frequency range.
Therefore, three parallel RL brunches are added to the model
of inner conductor to fit its frequency dependent feature. The
parameters in Fig. 11 can be extracted with either finite element
tools [29] or network fitting [30]. For the sake of efficiency
and simplicity, this article adopts the method of port impedance

TABLE I
LIST OF TEST CONFIGURATIONS

measurement to extract the parameters. Three sets of tests were
conducted, as listed in Table I.

In Table I, the subscripts i and j represent the conductor
numbers, where “1” denotes the inner conductor, “2” denotes
the outer conductor, and “3” denotes the shielding layer. Based
on the test results of ZLR-i, the inductance and resistance of the
conductors can be calculated by{

Ri(ω) = Re[ZLR−i(jω)]

Li(ω) = Im[ZLR−i(jω)]/ω
. (8)

The tested ZSH-ij can be presented as

ZSH−ij(jω) = Ri(ω) +Rj(ω)

+ jω[Li(ω) + Lj(ω)− 2Mij(ω)]. (9)

Then, the mutual inductances can be solved as

Mij(ω) =
Li(ω) + Lj(ω)− Im[ZSH−ij(jω)]/ω

2
. (10)

The tested ZOP-ij can be presented as⎧⎪⎪⎪⎨
⎪⎪⎪⎩
ZOP−12(jω) =

(ZCG−13+ZCG−23)ZCG−12

ZCG−12+ZCG−13+ZCG−23
+ ZSH−12

ZOP−13(jω) =
(ZCG−12+ZCG−23)ZCG−13

ZCG−12+ZCG−13+ZCG−23
+ ZSH−13

ZOP−23(jω) =
(ZCG−12+ZCG−13)ZCG−23

ZCG−12+ZCG−13+ZCG−23
+ ZSH−23

(11)

where ZCG-ij is the paralleled impedance of Gij and Cij. Since
the amplitude of ZSH is far smaller than that of ZOP, they are
omitted so that ZCG can be solved as⎧⎪⎪⎨

⎪⎪⎩
ZCG−12(jω) =

a2−2ab+b2−2ac−2bc+c2

2(a−b−c)

ZCG−13(jω) =
−a2+2ab−b2+2ac+2bc−c2

2(a−b+c)

ZCG−23(jω) =
−a2+2ab−b2+2ac+2bc−c2

2(a+b−c)

(12)

where a = ZOP-12(jω), b = ZOP-13(jω), c = ZOP-23(jω). The C
and G can be calculated by

Cij(ω) =
−Im[ZCG−ij(jω)]

abs[ZCG−ij(jω)]
2ω

, Gij(ω) =
Re[ZCG−ij(jω)]

abs[ZCG−ij(jω)]
2 .

(13)
All the solved parameters are listed in the appendix. Note

that the conductance parameters Gij are very small and, thus,
has been ignored. Then, the frequency dependent R1 and L1 are
fitted with R10∼R13, L10∼L13 shown in Fig. 11. The fitted results
are shown in Fig. 12. By connecting single-segment lumped pa-
rameter equivalent models end-to-end, a complete transmission
line equivalent model is obtained. Impedance measurements are
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Fig. 12. Fitting results of L1 and R1.

Fig. 13. Comparison of predicted and measured impedance of the cable.

taken at the end of the entire cable when it is open-circuited.
A comparison with the model’s predicted results, as shown in
Fig. 13, demonstrates the accuracy of the cable model.

C. Model of the Excitation Circuits

The excitation circuit of the ECS is built based on Op-
Amps and their power supplies. A crystal oscillator generates
a fixed-frequency pulse signal (2 MHz in this article), which is
filtered and amplified to ultimately form a sinusoidal excitation
signal. Typically, Op-Amps and isolated dc–dc power supply are
packaged chips or modules to reduce the sensor’s size, thus, their
detailed internal structures and technical parameters are usually
not disclosed to users. Therefore, it is not possible to construct
transistor-level simulation models, and behavioral models are
needed.

Regarding the EMI issue of Op-Amps, the nonlinear de-
modulation and high-frequency models proposed by Fiori and
Crovetti [15] and Quitadamo and Fiori [16] essentially depend
on stray parameters brought about by semiconductor structures
and packaging, mainly including a few pF of capacitance and a
few nH of inductance. The effective frequencies of these models
are in the range of hundreds of MHz to GHz, and significant
effects are only noticeable when the high-frequency interference
voltage amplitude exceeds several hundred mV. This is almost
negligible in power electronics-driven AMB systems.

More importantly, these models assume the Op-Amp’s GND
as a constant zero potential, thus, the EMI will affect the Op-
Amp’s DM output characteristics. When Op-Amps are applied to
power electronic systems, things turn out to be different. In AMB
systems, only the protection earth can be considered as constant
zero potential. And the EMI flowed through the Op-Amp and
conducted along its power supply is the main issue affecting the
ECS. This type of interference almost does not affect the normal

Fig. 14. Macro model of the Op-Amp based condition circuit.

operation of the Op-Amps but will still influence the entire ECS
system.

This phenomenon can be illustrated with the use of macro
model of the Op-Amp, as shown in Fig. 14. The model is
composed of input, middle, and output stage. The input stage is a
differential amplifier circuit, which characterizes the Op-Amp’s
ability to pass through DM signal and suppress CM input volt-
age. In this stage, the DM input signal will obtain a unity gain,
and the suppression ratio of CM signals can be set by changing
the value of kcm. In this article, kcm is set to 10-6, corresponding
to the 120 dB CM rejection ratio provided by the datasheet.
The middle stage is an RC-filtered transconductance amplifier,
representing the Op-Amp’s open-loop amplification gain and its
bandwidth. The amplifier is characterized by a voltage controlled
current source, with a transconductance gain of 80 dB, corre-
sponding to the dc gain of the Op-Amp. The bandwidth of the RC
low-pass filter is set to 10 kHz, corresponding to the open-loop
bandwidth of the Op-Amp. The output stage is a push–pull
power amplifier, characterized by low output impedance. The
k2 is set as 1/R0 to realize unit voltage gain. This model can
characterize the basic impedance characteristics of each port
and the correlation between port signals of the Op-Amp. Other
features and circuits within the Op-Amp, such as the bias current
source circuit, multistage transconductance amplifier circuits,
saturation, and current limiting circuits, are irrelevant to the
simulation of conducted EMI and are therefore ignored. Nega-
tive feedback is introduced through the RC network outside the
macro model, together forms an active second-order low-pass
filter. The 5 V square wave signal generated by the crystal
oscillator will first pass through a passive filtering network, and
then through this active filter to finally generate a 2 MHz low
output impedance sine excitation signal.

The CM EMI couples into the excitation circuit of the ECS
through the sensor probe and cable, and conducted through Ro to
the Vcc ports of the Op-Amp, and then coupled to the output end
of the isolated dc–dc module. Due to the small value of Ro, the
closed-loop output characteristics of the operational amplifier
are almost unaffected. In fact, in our experiments, no significant
interference was observed in the excitation signal of the ECS
even under the worst conditions.

For some Op-Amps, the manufacturer provides macro models
and their specific parameters. When a complete macro model is
not available, it can still be constructed using the open-loop
gain, CM rejection ratio, open-loop amplification bandwidth,
and other data provided in the datasheet. Additionally, the Ro
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Fig. 15. Behavioral model of DC–DC module and online measurement setups.

parameter, which is crucial for conducted EMI, can be obtained
through offline measurement.

D. Model of the Isolated DC–DC Module

For the isolated dc–dc module, it is necessary to establish
its behavioral model. Since the structure and topology of the
module are unknown, behavior model based on multiterminal
network theory [31], [32] is built, as shown in Fig. 15. Note that
the voltage level of the dc–dc module is much lower than that
of the AMB controller, so the EMI caused by high-frequency
switching devices inside the module can be ignored. Another
proof of this is that when the power supply of the ECS is
turned ON without operating the AMB, there is no interference
in the sensor signals. The DM impedance of the primary side
is represented by Zs1, while that of secondary side is presented
by star-connected Zs2, Zs3, and Zs4, the CM characteristic is
presented by three star-connected Cs-cm. To still retain the low-
frequency output voltage characteristics of the dc–dc converter,
two ideal 15 V voltage sources are added at its output and they
are connected to the high-frequency equivalent circuit through a
large coupling inductor Lsf. Additionally, large parallel resistors
Rsf are added to enable the dc–dc module’s output ports to be
connected to inductive loads.

The parameters in Fig. 15 should be extracted with online net-
work measurements since the input impedances of the module
ports change a lot under different working conditions. Bias-tees
are used to inject RF signals into the dc-powered system, thereby
extracting the system’s scattering parameters (S parameters).
Note that the CM capacitor Cs-cm was founded to be nearly
unchanged with offline or online measurement, thus, only the
DM impedances Zs1–Zs4 should be measured online.

First, the S parameters of the bias-tee are measured with
vector network analyzer and transformed to ABCD parameters,
as presented by[

usi

isi

]
=

[
A B
C D

] [
usi

′

−isi
′

]
, (i = 1, 2, 3). (14)

Then, the S parameters of the whole system are measured and
transformed to Z parameters as⎡

⎣us1

us2

us3

⎤
⎦ =

⎡
⎣Zs11 Zs12 Zs13

Zs21 Zs22 Zs23

Zs31 Zs32 Zs33

⎤
⎦
⎡
⎣is1is2
is3

⎤
⎦ . (15)

Fig. 16. Measured Z parameters of DC–DC module.

Fig. 17. Comparison of online measured Z parameters.

Based on (14) and (15), the Z parameters of the dc–dc module
can be calculated by

U s
′ = Zs

′Is
′ = (CZs −AE)−1(DZs −BE)Is

′ (16)

where Is′ = [is1′ is2′ is3′]T, Us
′ = [us1′ us2′ us3′]T, Zs is the Z

parameter matrix in (15), E is the third-order identity matrix.
The measured results of the Z parameters of the dc–dc module

under both online and offline condition are plotted and compared
in Fig. 16. The online impedances are significantly different from
offline measured results. Also, the online measured impedances
are plotted in one figure, as shown in Fig. 17. It can be seen
that the magnitude of Zs12

′ and Zs13
′ are far smaller than that

of other parameters, which means that the DM voltage of the
primary side does not affect the secondary side, and vice versa,
so that we do not need to build a DM coupling path between the
two sides in the model.

Based on the measured results, the impedances in the behavior
model can be set as{

Zs1 = Zs11
′/2, Zs2 = Zs22

′ − Zs23
′

Zs3 = Zs23
′, Zs4 = Zs33

′ − Zs23
′ . (17)

The RLC branches are used to fit the measured impedances,
the fitting results are shown in Fig. 18.

E. Model of the CM Inductor and LISN

A CM inductor is added at the power input of the ECS’s
conditioning circuit to reduce conducted CM EMI. Additionally,
LISNs are included to ensure the stability of the measurement
impedance. These are typical passive components, and their
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Fig. 18. Fitting results of impedances in DC–DC module.

Fig. 19. Equivalent model of LISN and CM inductor.

Fig. 20. Fitted results of LISN and CM inductor.

equivalent models are shown in Fig. 19. The impedance fitting
results obtained from the measurements are shown in Fig. 20.

Till now, the model for the ESC has been well established,
which can be used for time domain simulation. Note that all
the parameters of the models mentioned above are listed in the
appendix.

IV. EXPERIMENTAL VALIDATION OF THE PROPOSED MODEL

The experiments based on ECS prototype and AMB platforms
are carried out to verify the accuracy of the proposed high-
frequency model of the ECS. The experiment configurations
are shown in Fig. 21.

The ECS probe is mounted on the calibrator to maintain a
constant detection distance g of 0.5 mm in all experiments. The
calibrator is connected directly with the frame of a two-DOF
radial AMB, thus, the probe iron shell and the detection surface
have the same voltage as the AMB frame. The RF terminals of
the two LISNs on the power supply side of the ECS are connected
to a CM/DM separation module. The resulting CM voltage
signals can be observed using an oscilloscope. The frequency
domain CM EMI coupled to the sensor can be tested with an

Fig. 21. Experiment Platform.

Fig. 22. Measured voltage on AMB frame and cable shield.

EMI receiver using EZ-17 current probe clamped on the DUT
side of the low power LISNs. The dc bus voltage of the AMB
controller is set as 150 V, and the switching frequency is set
as 20 kHz. The dc bias currents of all the AMB windings are
set as 2.4 A. All experiments were conducted under the static
suspension condition of the AMB.

The previously constructed high-frequency model of the ECS
is simulated in the time domain. A 2 MHz 5 V square wave signal
as generated by the crystal oscillator is used as the input to the
ECS’s conditioning circuit, allowing for the simulation of its
basic operating characteristics. As analyzed before, the interfer-
ence of the ECS mainly comes from two sources. According to
the substitution theorem of circuits, the measured frame voltage
of the AMB and the voltage on the cable shield layer are used as
inputs to the simulation model to simulate the high-frequency
interference, as shown in Fig. 22. Since the experiment is done
under static suspension condition of the AMB, the winding
currents were approximately constant dc and the duty cycles
of all bridge arms of the converter were almost the same, so that
the CM voltage of the AMB drive is nearly like a square wave,
and the induced voltage on the ECS cable shield and the AMB
frame are also like square wave.

First, the CM EMI measured in the time domain is compared
with the simulation results, as shown in Fig. 23. The measured
CM EMI consists of three components: interference at 20 kHz
caused by the switching of the AMB controller, interference at
250 kHz caused by the switching of the dc–dc module of the
ECS, and interference at 2 MHz caused by the crystal oscillator
of the excitation circuits. Among these, only the first component
is the interference coupled from the power circuit to the sensor,
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Fig. 23. Time domain comparison of measured and simulated EMI.

Fig. 24. Frequency domain comparison of measured and simulated EMI.

Fig. 25. Comparison between measured and simulated probe voltage.

which has the largest amplitude, and only this component will
affect the sensor’s output signal. Therefore, the other two sources
of interference are ignored in the simulation. Fig. 23 can validate
that the simulation results match the experimental results very
well in the time domain waveforms, exhibiting almost identical
variation trends even during switching transients.

The frequency domain comparison of the measured and sim-
ulated EMI is shown in Fig. 24. It can be seen that the results
match very well, with a maximum error of no more than 5 dB
within 30 MHz.

Then, it is also necessary to verify whether the model can
predict the effect of EMI on the sensor signals. Note again that
no significant interference signal was observed on the sensor’s
excitation voltage during the experiment, but noticeable inter-
ference was present on the probe voltage (as defined in Fig. 4).
Therefore, the measured and simulated probe voltages were
compared, as shown in Fig. 25. When the detection distance

Fig. 26. Simplified equivalent circuit of the high-frequency ECS model: (a)
simplified model, (b) further simplified, and (c) final model.

g is fixed, the probe voltage is a constant amplitude sinusoidal
voltage under normal conditions, but waveform distortion can be
observed during each switching transient, and its peak-to-peak
value also changes significantly. It can be seen that the model
established in this article can well predict the signal distortion,
further verifying the model’s accuracy.

V. ANALYSIS OF MECHANISM OF CM EMI ON

SENSOR SIGNALS

Based on the constructed high-frequency model, it is feasible
to explain how the CM EMI will influence the output signal of
the ECS, and how the high-frequency interference will affect the
low-frequency displacement control loop.

A. High-Frequency Mechanism

Based on the previously established high-frequency model of
the ECS, its simplified equivalent circuit is shown in Fig. 26(a).
In this figure, the DM impedance of the probe is represented
by Zp, and Cp is the stray capacitance between the probe and
the detection surface. Due to the complexity of the distributed
parameter circuits of the cable, a one-segment LC equivalent
model is used to simplify the analysis. Ro is the output resistance
of the Op-Amp, as shown in Fig. 14, Rps is the voltage divider
resistor in series with the probe, and the impedances of the LISNs
and CM inductors are collectively represented by Zcm1. up is
the probe voltage, which generates the output voltage signal
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Fig. 27. Impedance of the equivalent star-connected circuit.

of the ECS after passing through the demodulation and low-
pass filter circuits. The entire system includes two interference
sources, which act on the detection surface and the cable shield,
respectively, together generating the CM current icm.

The circuit in Fig. 26(a) can be further simplified and shown
in Fig. 26(b). Port 1°, Port 2°, and GND together form a
three-terminal network, which can be equivalently represented
by the star-connected impedances Z1, Z2, and Zcm2. These three
impedances can be measured from the simulation model and are
shown in Fig. 27.

Among them, Z1 is almost an 8 Ω resistor, Z2 is very small
and can be considered as short circuit, and Zcm2 has a very large
magnitude, primarily determined by the CM capacitance of the
isolation dc–dc module and the CM inductance. The coupling
inductance of the cable can be decoupled into three independent
inductances, L1-M12, L2-M12, and M12. By merging all the
series and parallel branches, the equivalent circuit is shown in
Fig. 26(c), where{

Cp13 = Cp + C13, Cp23 = Cp + C23

ua =
Cpu1+C13u2

Cp+C13
, ub =

Cpu1+C23u2

Cp+C23
.

(18)

The model shown in Fig. 26(c) is a typical bridge circuit. It
is still not easy to get the analytical solution for up with the two
excitation sources, but it can be seen that up can be zero only
when the bridge is balanced, which means that⎧⎪⎨

⎪⎩
ua = ub, Cp13 = Cp23 → C13 = C23

Zc1 = Zc2

Z1ps = Z2.

(19)

Formular (19) indicate that the system needs to be absolute
symmetrical. However, obvious asymmetry can be found in the
ECS prototype. The first part is because of the existing of the
voltage divider resistor, which make Z1ps much larger than Z2.
The other part is the asymmetry of the cable impedances, both
the line inductance and the stay capacitance between difference
cable layers are not the same. These asymmetries will cause
circulating current, as shown in Fig. 26(c), that is the mechanism
by which the CM EMI of the AMB system affects the DM sensor
signal.

With the equivalent circuit model, we can get the transfer
impedance up(jω)/u1(jω) and up(jω)/u2(jω) can be gotten in
the simulation, as shown in Fig. 28(a), which can represent
how the interference sources affect the probe voltage. In the
low frequency range, the impedance of the propagation path of
EMI is capacitive, so the transfer impedance is small and has a
large amplitude above MHz as the frequency increases. With the
measured voltages on the AMB frame and on the cable shield, the
noise signal on the up can be calculated, as shown in Fig. 28(b).

Fig. 28. Transfer impedance and the resulting noise on up. (a) Amplitude of
transfer impedances. (b) Spectrum of noise on up.

Fig. 29. Waveform of the CM voltage with the interfered probe voltage.
(a) Increase of amplitude. (b) Decrease of amplitude.

It can be seen that the signal noise has a larger peak near several
MHz, indicating that EMI in this frequency range is the main
factor affecting the sensor; In addition, the voltage on the AMB
frame is the main source of noise, while the radiated voltage on
the cables mainly affects the high-frequency range.

B. Transformation of High-Frequency to Low-Frequency
Interference

As has been shown in Fig. 25, the probe voltage distortion
caused by pulse edges of CM voltage lasts only for two or
three excitation sine wave cycles, corresponding to 1–2 μs.
The bandwidth of the position loop control is generally within
1 kHz. It seems that a low-pass filter could effectively extract the
original signal from the high-frequency interference, but this is
not true for ECSs.

Note that under static suspension, the CM voltage of the AMB
controller can be approximately considered as a 20 kHz square
wave. In the time domain, when the probe voltage is interfered,
its amplitude may either increase or decrease, as shown in
Fig. 29. This mainly depends on the phase relationship between
the CM voltage pulse edges and the sensor probe voltage.

The frequency of the sensor’s sinusoidal excitation signal is
fe = 2 MHz, and the frequency of the CM voltage is fcm =
20 kHz. Ideally, the fe are integer multiple of fcm, making their
phase relationship fixed. However, due to unavoidable frequency
deviations, fe can not strictly integer multiple of fcm. In this case,
the phase between the CM voltage pulse edges and the sinusoidal
probe voltage will continuously change, as shown in Fig. 30.

Assume that ideally fe = kfcm, but there is actually a slight
deviation in fe, resulting in fe1 = fe+Δf. The relative phase and
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Fig. 30. Illustration of the phenomenon of phase shifting.

Fig. 31. Measured results to show the phase shift phenomenon.

Fig. 32. Room-out waveform of the probe voltage and the output signal.

its variation frequency fΔθ can then be expressed as

Δθ(nTcm) = 2nπ
1/fcm − k/fe1

1/fe1
= 2πn

Δf

fcm
, fΔθ = Δf.

(20)
Due to the periodic change of Δθ, the amplitude of the

probe voltage affected by EMI will also change periodically,
whose frequency is also fΔθ. The experimental waveform of this
phenomenon is shown in Fig. 31, which verifies that the phase
between the rising edge of the CM voltage and the sinusoidal
probe voltage changes linearly over time. The period of this
variation is on the millisecond level, causing the interfered probe
voltage amplitude to also change periodically at a low frequency.

The room out waveform of the probe voltage is shown in
Fig. 32, and the output signal obtained after demodulation and
low-pass filtering is also shown in Fig. 32, note the filter band-
width is set as 1 kHz. Even when the detection distance of the
ECS does not change, significant low-frequency fluctuation can
be observed in the sensor’s output signal, this phenomenon was

Fig. 33. Experiment results of adding CM chock. (a) CM EMI. (b) DM noise.
(c) Output signal of the ECS.

also observed in [9] with commercial ECSs. The bandwidth of
the AMB’s position closed-loop is usually set to several hundred
Hz, which will respond to such low-frequency interference,
thereby affecting the normal suspension of the rotor.

VI. SUPPRESSION OF EMI EFFECTS IN ECS

Based on the above modeling and analysis of the ECS, the
suppression methods are proposed and discussed in this section
to enhance the EMC of the ECS.

A. CM Chock, Shielding, and Grounding

The interference experienced by ECSs mainly originates from
the induced voltage on cable shield, AMB frame, and rotor. Typi-
cally, adding CM chokes in the transmission path can effectively
suppress interference [33], [34]. The ECS prototype built in this
article has already added a CM chock to its power supply side,
thus, a comparative testing with or without this CM chock is
conducted in experiments and the results are shown in Fig. 33.

Note that the CM EMI coupled to the ECS is measured on the
LISNs located in the power supply side of the sensor. The DM
EMI on these LISNs is meaningless, but as analyzed before, the
noise on the probe voltage can represent for the DM noise of the
sensor, thus this signal is measured and transferred to frequency
domain. Also, the output signals of the ECS are measured to
show the low-frequency interference. As can be shown in Fig. 33,
with the CM chock, the CM EMI on the frequency range above
1 MHz is suppressed, thus, the DM noise caused by CM EMI also
has a significant decrease. The amplitude of the low-frequency
interference on the output signal is reduced by 53%. These
results shows that the CM chock can effectively suppress the
EMI effects on the ECS.

Reasonable shielding and grounding are also typical and
effective means to suppress the EMI effects on the sensors.
However, these methods have been found not always effective
in ECSs, and would also render the CM chock ineffective.
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Fig. 34. Equivalent circuit of ECS with (a) cable shield grounded and
(b) detection surface grounded.

Fig. 35. Frequency domain response of equivalent circuit of ECS.
(a) up(jω)/u1(jω). (b) up(jω)/u2(jω).

We use the simplified equivalent circuit to illustrate this issue.
First, we only consider the induced voltage u1 on the detection
surface, as shown in Fig. 34(a). There are two paths to conduct
the CM current in the ECS. One is from the conditioning circuit
to the power supply side of the ECS, as noted as icm1, another is
from the cable to its shielding layer, noted as icm2. When the ca-
ble shield is not grounded, there is only a small stray capacitance
between the cable shield and the reference ground, resulting in
high impedance of Ze2, thus, icm2 is almost negligible. However,
the grounding of the cable shield will provide a low-impedance
path for icm2. Note that the high-frequency impedances of the
capacitors between different conductors of the cable, C12, C13,
and C23, are much smaller than Zcm2, and the capacitances will
even increase with the length of the cable, so the grounding
of cable shield will increase the CM current flowing into the
ECS from the detection surface. This, in turn, will increase the
DM circulating current in the conditioning circuit, worsening
the interference to the probe voltage.

It is not easy to obtain analytical solution for circuit in
Fig. 34(a), but the frequency domain numerical solution of
up(jω)/u1(jω) can be obtained in simulation, as shown in
Fig. 35(a). Note that when cable shield is floated, it is considered
to be open to ground, and when it is grounded, it is considered to
be short circuited to ground. It can be seen that when the cable
shield is grounded, the interference brought to up by the voltage
on detection surface will significantly increase.

Similarly, when consider the induced voltage on the cable
shield, as shown in Fig. 35(b), the magnitude of up(jω)/u2(jω)
is shown in Fig. 35(b). At this time, the interference brought to
up by the voltage on cable shield will also significantly increase
with the grounding of the detection surface.

Consequently, grounding one of the two interference sources
will increase the interference caused by the other source, pos-
sibly leading to greater interference on the probe voltage up
compared to when both are floated. Ideally grounding the cable

Fig. 36. Tested CM EMI under different grounding scheme.

Fig. 37. Tested DM noise under different grounding scheme.

Fig. 38. Output signals of the ECS under different grounding configurations.

shield, frame, and rotor simultaneously could completely elimi-
nate interference sources for the ECS, but this is not achievable
in actual systems. Furthermore, since grounding will provide
new low-impedance path for CM current, adding CM chock to
the power supply and conditioning circuits of the ECS can only
suppress icm1 in Fig. 34, and thus, cannot effectively suppress
the interference to up.

The experiments are carried out to verify the above analysis.
Note that in experiments, the cable shield is grounded with
copper foil which can be regarded as perfect grounding, while
the frame of the AMB is grounded with wire. The CM EMI
under different grounding scheme is shown in Fig. 36, the
corresponding DM noise on the probe voltage is shown in
Fig. 37, and the sensor output signals are shown in Fig. 38.
It can be seen that every grounding scheme can decrease the
amplitude of the coupled CM EMI compared with that when
both are floated. However, the DM noise is not optimized and
it is even deteriorated, the low-frequency interference on the
output signals is also increased a lot. We may take the cable
shield grounding as example. Under such condition, the CM
currents icm1 and icm2, as defined in Fig. 34(a), are measured in
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Fig. 39. Measured frequency domain waveform of icm1 and icm2 when cable
shield is grounded.

Fig. 40. Symmetrically designed ECS.

frequency domain and shown in Fig. 39. It can be seen that the
grounding path of the cable shield passes through the majority of
the CM current, which is because that C23 and C13 in Fig. 34(a)
is much larger than Cp. Thus, icm2 becomes the main factor
that contribute to the interference on probe voltage. Even when
both of them are grounded, the low-frequency error still cannot
be suppressed effectively, this is mainly due to the fact that the
grounding path is not ideal, so the optimization effect brought
by grounding cannot compensate for the deterioration effect
brought by the new low-impedance CM current path.

In order to better solve the problem of EMI in ECSs, two novel
methods are proposed below, based on either the high-frequency
mechanism or low-frequency mechanism.

B. Method Based on High-Frequency Mechanism

As has mentioned before, the high-frequency interference in
the probe voltage up is mainly caused by the parameter asym-
metries of the conditioning circuits and the cable. Therefore, we
have proposed the symmetrical constraint for design of the ECS
to suppress the influence of the CM EMI.

The circuit of the symmetrically designed ECS is shown in
Fig. 40. First, the voltage divider resistance Rps is divided into
two parts, with 500 Ω in signal brunch and 508 Ω in SGND
brunch. This extra 8 Ω is set to compensate the input resistance
of the Op-Amp, so that Z1ps in Fig. 26 can be nearly the same as
Z2. Then, to make the cable parameters to be symmetrical, the
coaxial cable is replaced by shielded twisted pair with the same
length. In this case, the line resistance and inductance of the two
wires can be the same, and the stray capacitance between inner
conductors and the shield can also be the same. Furthermore,
differential amplifier circuit is needed before the demodulation
circuit to detect the differential probe voltage up as well as to
obtain a low output impedance.

Fig. 41. Tested time domain up of the symmetrically designed ECS.

Fig. 42. Tested CM and DM EMI under symmetrical design. (a) CM EMI.
(b) DM noise.

Fig. 43. Sensor’s output signal under symmetrical design.

The prototype of the ECS based on the symmetrical design
is then built and tested, the tested time domain probe voltage
is shown in Fig. 41, the CM EMI and DM noise are shown in
Fig. 42, the sensor’s output signals are shown in Fig. 43. It can
be seen from Fig. 41 that there are significant high-frequency
interferences on up+ and up-. However, due to the symmetrical
design, the distortions on up+ and up- are almost the same so
that they can cancel each other, generating a differential probe
voltage up with negligible distortion. It can be seen from Figs. 42
and 43 that the symmetrical design will not change the CM EMI,
but it can almost completely eliminate the DM noise, resulting in
negligible low-frequency variation on the output signal. These
results indicate that the symmetrically designed ECS can keep
unaffected even there is high amplitude CM EMI in the AMB
system. This is an efficient and low-cost way to enhance the
EMC of the ECS.

C. Method Based on Low-Frequency Mechanism

The low-frequency phase shift between the regularly varying
CM voltage pulse edges and the sensor’s excitation signal is
the main cause of low-frequency interference in ECSs. If the
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Fig. 44. Phase shifting of CM voltage.

Fig. 45. Tested probe voltages under different modulation.

phase Δθ between the CM voltage pulse edges and the sensor’s
excitation signal is made to vary randomly, the envelope of
the probe voltage will also fluctuate randomly. These random
fluctuations can be effectively suppressed by a low-pass filter.

As analyzed in [9], the CM voltage of a two-DOF radial AMB
is the average of the bridge voltages of the converter. By adding
a random phase shift time Δα to all the rising and falling edges
of the PWM pulses, the random distribution of CM voltage pulse
edges can be achieved, as shown in Fig. 44. Note again that the
key factor that matters is the relative phase between CM pulse
edge and sinusoidal excitation signal, thus, the phase Δθ can
vary randomly within 0–2π as long as the variation range of
Δα is greater than the period of the excitation signal (500 ns in
this article). Therefore, Δα is constrained to be between 0 and
500 ns and is set to be uniformly distributed.

The experiment has been done to verify the proposed method.
The working condition of the AMB is set the same as mentioned
before, and the interference of the ECS is tested with both cable
shield and detection surface floated.

The time domain waveforms of probe voltage are shown in
Fig. 45. It can be seen that when the system is under normal oper-
ation condition, the envelope of the probe voltage fluctuates at a
low frequency. After adding a random phase shift timeΔα to the
CM voltage, although the peak value of the interfered probe volt-
age is not optimized, its envelope no longer changes regularly.
The CM EMI and DM noise are shown in Fig. 46. It can be seen
that the coupled CM EMI remains almost unchanged because
the phase shifting rangeΔα is so small compared with switching
period. However, the DM noise exhibits significant attenuation.
Thanks to the randomly varied phaseΔθ, the interference energy

Fig. 46. Measured CM EMI and DM noise under random phase shifting.
(a) CM EMI. (b) DM noise.

Fig. 47. Tested output signal of the ECS under different modulation.

concentrated on a certain frequency is dispersed around it, thus
greatly reducing the peak of the spectrum. After demodulation
and low-pass filtering, the probe voltage yields the output voltage
waveform shown in Fig. 47. From Fig. 47, it can be seen that the
fluctuations amplitude of the probe output voltage with random
phase shift is reduced by more than 70% compared with that
with normal operation, demonstrating that the low-pass filter
can effectively eliminate the random fluctuated interference.
This proves that the proposed method can effectively reduce
the impact of CM EMI on the ECS. Additionally, since the
phase shift range Δα is so small compared with the switching
period (50 μs in this article), the output power quality, EMI
characteristic and control performance of the AMB controller
will be hardly affected, which make this method very flexible
and easy to implement to any control algorithm.

D. Comparison of Different Suppression Methods

All the abovementioned EMI effect suppression methods
are listed in Table II. Traditional methods include CM chock,
grounding and shielding. The CM chock would be good for
suppressing both the CM EMI and DM noise, but this is only
effective under nongrounded conditions. The grounding of either
cable shield or stator frame will provide new low impedance path
for CM current, thereby causing the CM chock to be bypassed.
Nonideal grounding may be difficult to compensate for the
additional interference introduced by this low impedance path,
thus, may deteriorate the sensor’s output signal.

In contrast, the proposed methods in this article will be better.
The symmetrical design of the ECS can endow it with the
best EMC, with almost eliminated DM noise and over 95%
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TABLE II
COMPARISON OF DIFFERENT SUPPRESSION METHODS

optimization of its output signal. But this method requires the
modification of sensor structure, thus, it is only suitable in the
preliminary design stage. The random phase shifting method
will introduce spectrum spread effect in the DM noise, thus, to
suppress its spectral peak and further optimize the output signal
by over 70%. This method has the best applicability and can
achieve rapid performance optimization without affecting any
control framework.

VII. CONCLUSION

The ECS is a crucial part in AMB system to ensure its
suspension performance, but it is easily to be affected by CM
EMI caused by the drive converter of the AMB. Therefore, this
article has conducted in-depth research on this issue. The major
conclusions are listed as follows.

1) There are two paths that the CM EMI can couple to
the ECS. One is through stray capacitance, which causes
high-frequency variations in the frame and rotor voltage,
and then conducts to the sensor coil. The other is through
radiation, inducing voltage on the sensor cable.

2) The EMI conducting model of the ECS can be built
based on measurements and fitting of lumped parameter
circuits. The model has been found to accurately reflect
the conduction characteristics of EMI in ECS.

3) The high-frequency interference in the probe voltage of
ECS mainly originates from DM circulating currents due
to asymmetric parameters of the ECS. CM EMI can also
cause low-frequency interference in the ECS signal, which
is caused by the relative phase shift between the CM
voltage and the sensor’s sinusoidal excitation signal.

4) Grounding and adding CM inductors to the conditioning
circuit may be ineffective in suppressing EMI in the ECS,
as the ECS has two interference sources, and grounding
provides a low-impedance path for them.

5) Symmetrically designed ECS has good resistance to CM
EMI, and random phase shifts in a small range can effec-
tively reduce the low-frequency interference of CM EMI
on the ECS.

TABLE III
LIST OF MODEL PARAMETERS

In short, the work in this article may be helpful for fixing the
performance degradation or suspension failure of AMB caused
by EMI, and it is beneficial for its reliable operation.

APPENDIX

All the parameters of the high-frequency model of the ECS
are listed in Table III.
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