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Abstract—The active magnetic bearing (AMB) driven by power
electronic converters is an emerging technique in the industry
to suspend high-speed rotating machinery. The high-frequency
switching of the converter can bring electromagnetic interference
(EMI) to the system, affecting its reliable operation. This article
focuses on the modeling of common mode (CM) EMI in multiaxis
AMB systems. The impedance characteristics should be measured
online due to the variation of rotor position. Thus, the multiaxis
online impedance measurement scheme has been proposed in this
article. The impedance measurement requires consideration of
both signal-to-noise ratio and independence of different excitation
tests. The CM equivalent circuit model has also been built and the
parameters have been extracted with a two-step fitting scheme. The
experiment has been done to prove the effectiveness of the proposed
model. With the proposed method, the CM EMI of multiaxis AMB
can be precisely predicted. Furthermore, the CM EMI filter has
been designed for the AMB based on the proposed model.

Index Terms—Active magnetic bearing (AMB), electromagnetic
interference (EMI), online impedance measurement.

I. INTRODUCTION

THE active magnetic bearing (AMB) is an advanced bearing
system that utilizes the controllable electromagnetic force

to suspend the shaft. Unlike the traditional mechanical bearings,
the rotor is suspended in the air so that there’s nearly zero friction
and no more need for lubricant. These unique characteristics
make AMB a better choice for high-speed rotating machinery
[1]. Furthermore, the controllable electromagnetic force pro-
vides more degrees of freedom (DOF) for the rotating system to
optimize the performance. Nowadays, AMBs are increasingly
widely used in industry scenarios including flywheel, turboma-
chinery, etc.

The typically used eight-pole 2-DOF radial AMB is shown in
Fig. 1. For each DOF, two magnets are used together to generate
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Fig. 1. Typical 8-pole 2-DOF radial AMB system.

forces in opposite directions. The rotor has 6-DOFs in total, and
all 5-DOFs except for axial rotation need to be controlled by the
AMBs. As a result, a complete AMB system should include two
of the aforementioned radial AMBs and one thrust AMB [2].

The reliability of the AMB controller is of vital importance to
high-speed machinery applications. The power electronic con-
verter is widely used as the power amplifier to drive each winding
of the AMBs. The high-frequency (HF) switching actions of the
converter will continuously emit electromagnetic interference
(EMI) to the system, which becomes a significant threat to the
reliability of the surrounding equipment as well as AMB itself.
On one hand, the emitted EMI will affect the external power
supply equipment and, therefore, should comply with industrial
EMI standards. On the other hand, the common mode (CM)
EMI caused by the converter is found easily coupled to the
displacement sensor so that it deteriorates the performance of
suspension [3]. Therefore, the EMI of AMB system, especially
CM EMI, should be suppressed. Kagalwala and Shenoy [4] and
Andrade et al. [5] have mentioned EMI filters for AMB drive
systems, but due to the lack of HF model, the design procedure
can be empirical and time consuming, and may lead to a large
volume of EMI filters. As a result, the analysis and understanding
of the CM EMI characteristics of the AMB are essential for
designing suppression strategies, but they are seldom mentioned
in previous research works.
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Fig. 2. Parasitic capacitors inside the AMB.

Considering a single radial AMB, Fig. 2 shows its inner
structure and the parasitic capacitors. There are three parts of
conductors: stator/frame, windings, and rotor. They are coupled
together through the stray capacitors to form the flow path of the
CM leakage current. Therefore, its HF CM characteristics are
pretty much like an ac motor in [6].

Literature works have well documented the HF model of the
ac motors. Magdun and Binder [7] and Wu et al. [8] have pre-
sented several types of lumped parameter models of the motor,
using the ideal R-L-C elements to present the characteristics
of windings, frame, and even parasitic parameters. Another
kind of HF modeling method is called “behavior modeling,”
where only the terminal impedance behavior is considered,
and the structure and the characteristics analysis of the motor
components are not needed [9]. Both the two modeling methods
have shown good accuracy in predicting the EMI of the motor
drive system. However, different from the ac motor, the 5-DOF
AMB system has multiple HF interference sources that are
coupled together through the suspended rotor to generate the
total conducted EMI [3]. As a result, the HF behavior of the
multi-DOF AMB system is much more complicated than that of
ac motors.

The HF characteristics of the AMB system should be mea-
sured before building the model. For the ac motors, the port
impedances can be measured offline by an impedance analyzer
or vector network analyzer (VNA) [10], because the influence of
the mechanical load and speed of the motor on its CM impedance
in the medium- to high-frequency range is negligible [11].
However, with respect to the AMB system, the rotor position
can be changed by the active control. More importantly, the air
gap between the frame and the rotor will only exist when the
control system is working online and the rotor is suspended. As
a result, the online impedance measurement becomes a must for
the HF modeling of the AMB system.

Several online impedance measurement methods have been
well-established for power electronics systems [12]. The ex-
isting online measurement methods can be divided into two
categories, the V-I approach [13] and the VNA-based approach
[14], [15]. These methods have been proven to have a good
signal-to-noise ratio (SNR) when implemented in motor drive
systems. The VNA-based approach identifies system network
parameters by injecting HF signals into the system and mea-
suring the responses, then the impedance can be calculated
from network equations [16]. For the AMB system, multiple
injection signals are required and multiple responses should
be measured simultaneously. To avoid the impact of inherent
system noise caused by the converter and improve the SNR,

TABLE I
LISTS OF LITERATURE REVIEWS

the injection amplification and measurement attenuation are
needed. Therefore, a large number of RF devices are needed
to complete the impedance identification of the multi-DOF
AMB system. On the contrary, the V-I approach utilizes the
inherent HF voltage excitation and current response to achieve
impedance testing, which is much easier to implement to the
AMB system. Still, all these methods considered the tested target
as a single input single output system so that the impedance can
be easily identified, but new challenges arise when measuring
the AMB system with multiple mutually coupled interference
sources.

All the above-mentioned literatures are listed in Table I along
with their limitations. This article aims to quantitatively analyze
the CM EMI problem and build the HF CM model of the
multiaxis AMB system, which is essential for the design of EMI
filters or other EMI suppression strategies. To the extent of the
authors’ knowledge, all the existing methods are not capable
of identifying the complex CM characteristics of the multi-
DOF AMB. The major contribution of this article is to extend
the online identification method of HF impedance to complex
systems with multiple interference sources coupled together.
Minor contributions include analyzing the CM impedance char-
acteristics of the 5-DOF AMB, proposing a lumped parameter
equivalent model for it, and providing a two-step fitting method
to determine a large number of parameters, thus finally achieving
the target of predicting the CM EMI of the AMB system. And
the model is further implemented to effectively design the EMI
filter for the AMB drive system.

The rest of the article is organized as follows. The structure
of the AMB system and its CM characteristics are analyzed
in Section Ⅱ. The multiaxis online measurement method is
proposed in Section Ⅲ. The lumped parameter CM model of
the AMB system is built in Section Ⅳ. The experiments are
carried out in Section Ⅴ to verify the proposed model. An EMI
filter prototype is designed for AMB in Section Ⅵ.
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Fig. 3. System structure of the 5-DOF AMB and the converter.

TABLE II
SPECIFICATIONS OF THE AMB EXPERIMENT PLATFORM

II. CM CHARACTERISTICS OF THE AMB SYSTEM

The system structure of the 5-DOF AMB and its power
electronic converter are shown in Fig. 3, with the specifica-
tions presented in Table II. Note that all the experiments and
simulations in this article are based on AMB platform. The
AMB system consists of two radial AMBs and one thrust AMB,
which are named AMB-A, AMB-B, and AMB-Z in this article.
To control the electromagnetic force in the 5-DOF AMB, two
four-leg converters are implemented to drive the radial AMB
and two half H-bridges are used to drive the thrust AMB [3].
Such configurations are profitable for the online impedance
measurement, which will be introduced in the next section. The
HF switching of the converter will generate leakage current
through the stray capacitors between the switching devices and
the heat sink, and also those between the AMB windings and
the frame. The line impedance stabilization network (LISN) is
added at the dc inputs of the AMB converter for the EMI test.

In order to analyze the CM EMI problem, the first thing is to
define the CM voltages (CMV) of the AMB system. Thus, the
VNA-based offline measurements are carried out to understand
its basic characteristics. The AMB system has a total of 12 input
ports, with 4 ports for each AMB part. All the windings are left
floated without any connections and the impedances between
the ports and the frame are measured with VNA, the results
are shown in Fig. 4. It can be seen that for each specific AMB
part, the impedance of each port to the frame is almost identical,
thanks to the symmetrical arrangement of the windings. There-
fore, we can define three CMV sources corresponding to three

Fig. 4. Offline measured impedance between ports to frame. (a) AMB-A.
(b) AMB-B. (c) AMB-Z.

AMB parts. Each CMV can be expressed as

VCM =
1

4

4∑
i=1

Vi (1)

where Vi is the voltage added to the port of AMB. The small
deviations between the four ports within one specific AMB
part are mainly due to the rotor not being at the geometric
center during offline measurements. The rotor position will
significantly influence the air gap, thus deciding the winding
inductance, and further affecting the resonance frequency and
amplitude of winding inductance and stray capacitance. That is
why the biggest impedance deviations shown in Fig. 4 happen at
the first two resonance peaks. This can also support the necessity
of online measurement.

Next, taking one port of each AMB part out to laterally
compare their impedance to the frame, the results are shown in
Fig. 5. It can be seen from Fig. 5 that different AMB parts have
significantly different CM impedance characteristics. Thus, the
defined three CMV cannot be combined into one.

Therefore, the 5-DOF AMB should be modeled as a multi-
input-single-output system as shown in Fig. 6. The converter will
generate three CMVs and form leakage current ICM-C through
the stray capacitance Cp and Cp-dc. The source impedances are
mainly decided by the inductance of PCB trace which are far
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Fig. 5. Lateral comparison of impedance of port 1 of three AMB parts.

Fig. 6. Overall equivalent model of the 5-DOF AMB system.

smaller than that of AMB windings and power cables and have
little influence on the EMI prediction, thus they can be omitted.

For the AMB, the input CMVs of its three bearing parts are
noted as VCM-A, VCM-B, and VCM-Z. These three input CM
sources are coupled through the complex impedance network
inside the AMB and ultimately generate a CM current through
the grounding wire of the frame. Based on Ohm’s law, the CM
equivalent circuits of the 5-DOF AMB can be presented as

I = Y U (2)

where

I =

⎡
⎣
iCM−A

iCM−B

iCM−Z

⎤
⎦ , Y =

⎡
⎣
YAA YBA YZA

YAB YBB YZB

YAZ YBZ YZZ

⎤
⎦ ,

U =

⎡
⎣
VCM−A

VCM−B

VCM−Z

⎤
⎦ .

It is noted that all the variables are in the frequency domain
and the symbol jω is omitted. Then, ICM can be calculated as

ICM = iCM−A + iCM−B + iCM−Z = YAVCM−A

+ YBVCM−B + YZVCM−Z (3)

where

YA = YAA + YAB + YAZ , YB = YBA + YBB + YBZ , YZ

= YZA + YZB + YZZ .

Then, the AMB system can be simplified using Thevenin’s
equivalence as shown in Fig. 7, where the equivalent CMV Vcme

Fig. 7. Simplified equivalent circuit of the AMB system.

Fig. 8. Online measurement configurations.

and equivalent load admittance YL can be presented as

Vcme=
VCM−1YA+VCM−2YB+VCM−3YZ+4Cp

∑3
i=1 VCM−i

YA+YB+YZ+12Cp

(4)

YL=YA + YB + YZ . (5)

III. MULTIAXIS ONLINE IMPEDANCE IDENTIFICATION METHOD

As mentioned in Part II, the online impedance measurement is
essential for the HF modeling of the AMB. According to (4) and
(5), only three parameters YA, YB, and YZ, should be identified
to achieve the EMI prediction. Other parameters in Fig. 7 can be
measured independently with an impedance analyzer. Also, the
V-I approach is selected as the basic measurement principle of
this article which is easier to implement compared with VNA-
based online measurement method.

A. V-I Measurement Principle of the AMB

The basic principle of V-I measurement is Ohm’s law, as
has been presented by (3). The input CMVs of AMB’s three
bearing parts, VCM-A, VCM-B, and VCM-Z, can be obtained using
star-connected parallel capacitors and measured by high-voltage
differential probes. The CM current in the grounding cable of
the AMB frame is measured with the current probe. The CMVs
and current are measured simultaneously using the 4-channel
oscilloscope and transformed into the frequency domain. The
measurement configurations are shown in Fig. 8.

To identify the three admittance parameters, at least three in-
dependent measurements are needed. The measurement results
can be presented as

Imeas = UmeasY 1 (6)
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where

Imeas=

⎡
⎣
iCM−1

iCM−2

iCM−3

⎤
⎦ , Umeas=

⎡
⎣
VCM−A1 VCM−B1 VCM−Z1

VCM−A2 VCM−B2 VCM−Z2

VCM−A3 VCM−B3 VCM−Z3

⎤
⎦,

Y 1 =

⎡
⎣
YA

YB

YZ

⎤
⎦ .

The footmarks 1, 2 and 3 are measurement numbers. The
Y1 can be calculated by (7) on the condition that Umeas is
nonsingular

Y 1 = Umeas
−1Imeas. (7)

The identification of admittance is now theoretically feasible,
but there are still two practical problems. On one hand, since
the voltages and currents are measured in a time domain and
transformed into the frequency domain, there are inevitable
measurement errors and spectral leakage problems, thus the
method of signal processing will significantly influence the SNR
and precision of the identification results. On the other hand, to
ensure the nonsingularity of Umeas, the voltage vectors obtained
from three measurements must be linearly independent in the
whole frequency range. This is not easy to realize especially in
high frequency above MHz.

B. Signal Processing to Extract the Impedance

To calculate formula (7), both the phase and amplitude of
the currents and voltages within the whole frequency range are
needed. Chen et al. [17] have documented an all-phase FFT
(apFFT) method with intermediate-frequency filtering, which
has shown the capability to suppress the spectrum leakage and
obtain the correct impedance phase of the measured motor. The
online measurement method presented in both [13] and [17] has
proved that the peak points of the spectrums have the minimum
error caused by the window function of the FFT algorithm.

A measurement example is taken out here to illustrate the
issue. The CMVs of AMB-A are tested in three independent
measurements, which are recorded as VCM-A1, VCM-A2, and
VCM-A3, and they are transformed into the frequency domain
using apFFT, the results are shown in Fig. 9. For power electronic
converters, its CM EMI is mainly concentrated in the switching
frequency and its integer multiple frequencies. It can be seen in
Fig. 9(a) that the first peak point of the spectrum corresponds
to the switching frequency which is set as 20 kHz. However,
the amplitude of the spectrum between the two peaks is very
small, which would be easily influenced by measurement error
and result in low SNR, thus, these are invalid frequency points
for impedance extraction.

The peak points of the spectrum of VCM-A1 are picked out
with the algorithm presented in [17], the frequencies of these
points are noted as fp(l), l = 12,3 …n, where n is the total
number of these peak points. The spectral points of VCM-A2

and VCM-A3 correspond to fp(l) and are shown in Fig. 9(b)
and (c) with red asterisks. It can be seen that these frequency
points are far from the envelope of the spectrum especially in
frequencies above 1 MHz. The worst case has been marked by

Fig. 9. Spectrum and the peak points of the CMVs of AMB-A. (a) VCM-A1.
(b) VCM-A2. (c) VCM-A3.

data tip at 25 72 320 Hz, which is nearly 20 dB smaller than its
corresponding envelop lines. Therefore, these frequency points
are no longer valid when considering multiple measurements.

To cope with this problem, a multispectral envelope algo-
rithm is proposed to identify a series of points kvalid among
all frequency points such that the spectral magnitudes of all
12 variables are near their respective envelope lines at these
selected points. The process of the algorithm is shown in Fig. 10.
The measured 12 voltages and currents (VCM-A1, VCM-A2, …,
VCM-Z3, iCM-1, iCM-2, iCM-3) are transformed to the frequency
domain with apFFT, so that we can get 12 spectrums as the input
of the algorithm, noted as Um(k), m = 1 …12, k = 1 …N, where
N is the number of sampling points.

First, the peak points of each spectrum are picked out, noted
as Um(kpeak), where kpeak is the index of the peak points. For
each point of Um(k), define the adjacent points vector as

Wm(k) = [Um(k − 5), · · · , Um(k − 1),

Um(k + 1), . . . , Um(k + 5)]. (8)
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Fig. 10. Multispectral envelop algorithm.

The criterion for determining the peak points are
⎧⎨
⎩
Um(k) > max(Wm(k))
var([Wm(k), Um(k)]) > pvar
Um(k)− mean(Wm(k)) > pmean

(9)

where var is the function to calculate the variance, the mean is
the function to calculate the average value, pvar and pmean are the
threshold for variance and mean. Second, interpolate the peak
points of each Um with a third-order interpolation method to
obtain the envelope curves, noted as U∗

m(k). Next, calculate the
distance from each spectral point to its corresponding envelope
and sum them up to get D(k)

dm(k) = U ∗
m(k)− Um(k) (10)

D(k) =
12∑

m=1

dm(k). (11)

Then, the index of the valid points is picked out from D(k).
The whole frequency range is divided into segments. One certain
segment can be presented as {k′ | ks<k′<ceil(1.01 ks)}, where
ks is the start index of the segment. For each segment, find the
valid index kvalid with decision conditions

D(kvalid) < pD && D(kvalid) = min[D(k′)] (12)

where pD is the threshold. The Um(kvalid) is the result of the
multispectral envelop algorithm.

There are three threshold parameters in the algorithm, pvar,
pmean, and pD. The selection of pvar and pmean is basically
empiricism, and the method is shown in Fig. 11. First, using the
first peak of the spectrum to calculate the initial value pvar0 and
pmean0. When they are set too high, the peak points obtained
cannot achieve the envelope of the spectrum; and when they are
set too low, a large number of peak points with magnitudes lower
than the envelope are also selected, which will deteriorate the
SNR ratio of impedance identification. Simultaneously increase
or decrease pvar and pmean based on the characteristics of the
obtained envelope, thus to get the appropriate values, which are
set as 35 and 15 dBμV/ dBμA in this article, respectively.

Fig. 11. Selection of pvar and pmean.

Fig. 12. LCFs of different measurement schemes (a) only change the DC
voltage (b) using ZCMPWM and (c) using compensated ZCMPWM (C-
ZCMPWM).

As for pD, we have reserved 6 dB margin for each of the 12
variables to avoid selecting spectral points that are more than
50% smaller than their envelopes. Thus pD = 6×12 = 72 dB.

C. Method to Create the Linearly Independent Measurements

Next, these valid frequency points should undergo the linear
correlation check before implemented to calculate (7). As men-
tioned before, the voltage vectors obtained from three measure-
ments should be linearly independent in the whole frequency
range. Actually, due to the inevitable measurement errors, they
cannot be strictly linearly correlated, but a certain degree of lin-
ear correlation still affects the effectiveness of the measurement
results. Therefore, the degree of linear correlation needs to be
quantitatively described. For any two measured voltage vectors,
their linear correlation factor (LCF) can be defined as the cosine
of the angle

Qab(jω) =
Ua(jω) ·U b(jω)

|Ua(jω)| × |U b(jω)| a, b = 1, 2, 3. (13)

And the final LCF can be defined as

QLCF(jω) = max[Qab(jω)]. (14)

To get smaller QLCF, the spectral characteristics of the CMVs
should be reshaped in different individual measurements. Since
the measurement should be implemented on the condition that
the rotor is suspended, the performance of the position control
should not be affected, which means that only the modulation
strategy and the dc voltage of the power electronic controller
can be modified to fulfill the requirement.

In case that only the dc bus voltages are changed in the three
individual measurements, the QLCF is plotted in Fig. 12(a).
Actually, each CMV is multiplied by the same coefficient when
the dc voltage changes, so that the LCF is high. By selecting a
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Fig. 13. Switching delay between digital pulse and power pulse. (a) Wave-
forms. (b) Tested time delay.

Fig. 14. CMV spectrum comparison between different modulation schemes.

threshold pLCF = 0.95 to screen out the data with high LCF,
only very few frequency points remain, which are not enough to
depict the impedance characteristics.

In our previous work [3], the zero-CM PWM (ZCMPWM)
strategy has been proposed to suppress the CM EMI. This mod-
ulation strategy can significantly change the HF characteristics
of CMV without deteriorating the position control performance,
which exactly matches the measurement requirements. It should
be noted that the system structure shown in Fig. 3 is needed to
implement the ZCMPWM. In three individual measurements,
VCM-A1, VCM-B2, and VCM-Z3 in (6) are reshaped using ZCM-
PWM, and the QLCF is plotted in Fig. 12(b). It can be seen
that the implementation of ZCMPWM effectively reduces the
linear correlation, especially in lower frequency bands below
100 kHz. However, the QLCF is still high in the mid to high-
frequency range. The CMVs are tested under normal operation
and ZCMPWM, and their spectrums are shown in Fig. 14. It can
be seen that the spectral amplitude remains almost unchanged
with ZCMPWM in the 1 MHz and higher frequency range. This
is due to the inherent limitations of the ZCMPWM, with the most
significant being the delay between digital and power pulses.

The tested delay from the digital pulse to the power pulse
is shown in Fig. 13(a). The compensation method for switching
delay for power electronic converters is well documented in [18],
while no literature has done the compensation for the AMB.
The controller of the AMB is composed of half bridges with
unidirectional currents. Thus, its switching delay is almost only
affected by the magnitude of the current. The switching delay of
each bridge arm with varied current magnitudes is measured,
one of which is shown in Fig. 13(b). The tested curves are

Fig. 15. Four-leg voltages of the converter with (a) ZCMPWM and (b) Q-
ZCMPWM.

Fig. 16. Spectrum comparison between C-ZCMPWM and Q-ZCMPWM.

fitted with 5th-order polynomial. When the AMB is working,
the delay of the rising and falling edges is calculated based
on the fitted polynomial using the measured current of each
winding, and the delay time is subtracted from the edge of the
digital pulse to achieve compensation. The switching delay is
compensated based on ZCMPWM, the corresponding spectrum
of the CMV is also plotted in Fig. 14. It can be seen that
with the compensated ZCMPWM (C-ZCMPWM), the CMV in
the mid to high-frequency range is also attenuated. Then, this
C-ZCMPWM is implemented to the impedance measurement
and the obtained QLCF is shown in Fig. 12(c). It can be seen that
the compensation of switching delay significantly reduces the
linear correlation compared to the original ZCMPWM. And with
the proposed method, the prerequisite for calculating formula (7)
is finally achieved.

D. Further Improvement of SNR

When using the ZCMPWM method for measurement, al-
though the LCF can be reduced, the amplitude of the spectral
envelopes of the CMVs are also significantly reduced, resulting
in a lower SNR. Therefore, we have made two modifications to
the above-mentioned measurement procedure to further improve
the SNR.

Firstly, the C-ZCMPWM algorithm is modified as quasi-
ZCMPWM (Q-ZCMPWM). The switching waveforms of one
four-leg converter within one switching cycle are shown in
Fig. 15, where v1–v4 are the phase leg voltages and CMV is the
CMV. For the Q-ZCMPWM, the phase of v3 and v4 are shifted to
the right by tpulse compared with C-ZCMPWM. The waveform
of the CMV becomes short pulses, the tpulse is set as 2 μs in the
experiment. The spectrum of the CMV with Q-ZCMPWM is
plotted in Fig. 16. It can be seen that the Q-ZCMPWM does
not attenuate the spectrum as much as C-ZCMPWM, which
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Fig. 17. LCF of the measurement scheme B with Q-ZCMPWM.

Fig. 18. Lumped parameter equivalent circuits of the 5-DOF AMB.

would result in better SNR. More importantly, the amplitude
of frequencies which are even times of switching frequency
(20 kHz) are increased, which can be also used as valid frequency
points with good SNR.

Second, in the previous measurement arrangement, named
scheme A to distinguish from the new one (scheme B), VCM-A1,
VCM-B2, VCM-Z3 should be measured with C-ZCMPWM. To
improve the SNR, only VCM-A1 and VCM-B2 are measured with
Q-ZCMPWM, so that the third individual measurement is in
normal operation conditions, resulting in the best SNR.

With the above two modifications, the tested QLCF is plotted
in Fig. 17. Although the linear correlation has increased com-
pared to before, most of the data is still valid. Actually, low
linear correlation and high SNR are always two contradictory
factors. The improvement of SNR is with the compromise
of QLCF.

IV. LUMPED PARAMETER CM MODEL OF THE AMB

The lumped parameter CM equivalent circuit of the 5-DOF
AMB system is shown in Fig. 18, where Lw is the inductance of
wires, Le is the winding inductance, Re is the eddy current loss
resistance, Cp and Rp are the parasitic capacitance and resistance
between the frame and winding, Cq and Rq are the parasitic
capacitance and resistance between the winding and shaft, Cb,
Rb, and Lb represent the equivalent impedance of turn-to-turn
effect, Csf is the capacitor between the shaft and frame, Rg and Lg

are the resistance and inductance of grounding cables. It should
be noted that the impedance of AMB-Z is symmetrical. The Cp1Z

should be exactly the same as Cp2Z, and Cq1Z should be the same
as Cq2Z, because both ends of each winding are connected to the
converter. The value of Lw, Rg, and Lg can be directly measured
with VNA.

Next, the parameter values should be extracted from the mea-
sured results. The existing extraction methods include analytic
calculation [8], automated matching with nonlinear program-
ming or heuristic algorithm [19], finite element analysis [20],
etc. Due to the coupling characteristics of multiple CMVs, there
are so many parameters in the AMB system. The automated
matching with genetic algorithm [19] would be helpful for global
optimization, but optimizing a large number of parameters still
remains a challenge. Thus, a two-step fitting scheme is proposed
to enhance the optimization as well as improve the computa-
tional efficiency.

First, fit each bearing part (A, B, or Z) separately. Find
parameter vector PX with the objective presented as

min Kobj=

2π×1e7∑
ω=2π×9e3

|GX(jω,PX)−YX(jω)|, X=A,B,Z

(15)
where GX(jω) is the admittance of the lumped parameter circuit
for each bearing part. The optimized parameter vector can be
noted as P1 = {PA, PB, PZ}. For the second step, perform joint
optimization on all parameters in a small range, and find the best
parameter vector P2

min Kobj=

2π×1e7∑
ω=2π×9e3

abs
[
GB,Z

A (jω,P 2)|VCM−Z=0
VCM−B=0 − YA(jω)

+GA,Z
B (jω,P 2)|VCM−Z=0

VCM−A=0 − YB(jω)

+GA,B
Z (jω,P 2)|VCM−B=0

VCM−A=0 − YZ(jω)
]

subject to P 2 ∈ [0.8P 1, 1.2P 1] (16)

whereGB,Z
A is the admittance between CM input of AMB-A and

ground calculated by equivalent circuit on condition that VCM-B

and VCM-Z are zero, the same is for GA,Z
B and GA,B

Z . With the
proposed method, we can get the equivalent model of the AMB
system. All the measurement and fitting results are presented in
Section V.

V. EXPERIMENTAL VALIDATION

The measurements and modeling of the AMB system are
based on a 5-DOF AMB compressor platform whose photos
are shown in Fig. 19. The switching frequency of the AMB con-
troller is set as 20 kHz, the rated bias current is set as 2.4 A. The
oscilloscope used for measurement is ROHDE&SCHWARZ
produced RTE1000 with high-resolution mode, where the verti-
cal resolution is 16-bit up to 30 MHz. The dc bus voltage is set
as 200 V.

First, the effectiveness of the proposed multispectrum envelop
algorithm should be verified. The 12 voltages and currents are
measured with the aforementioned scheme B, where VCM-A1

and VCM-B2 are measured with Q-ZCMPWM. The spectrums of
the 12 variables are shown in Fig. 20 with blue lines. The yellow
lines are the interpolated envelope, and the black asterisks are the
valid points after implementing the proposed algorithm. It can
be seen that all the valid points are closed to their corresponding
spectrum envelopes, this would result in better SNR.
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Fig. 19. Experimental platform.

Fig. 20. Results of the multispectral envelop algorithm.

Fig. 21. Impedance measurement results of scheme A. (a) Amplitude.
(b) Phase.

Next, the three admittance parameters defined in (3) are
extracted from the valid points of the measured 12 variables.
The results are shown in Figs. 21 and 22 with both amplitude
and phase information. It should be noted that all the admittance
is converted to impedance by Zx = 1/Yx, x = A, B, Z.

Fig. 21 shows the extracted impedance measured with scheme
A, while Fig. 22 shows those with scheme B. It can be seen
that the results from scheme A contain a large amount of noise,
especially in the mid to high-frequency range where the SNR is
significantly insufficient. However, the results from scheme B
show the characteristics of the impedance so clear in the whole
frequency range, which indicates that the implementation of the

Fig. 22. Impedance measurement results of scheme B. (a) Amplitude.
(b) Phase.

Fig. 23. Impedance measurement results with different LCF threshold.

online measurement of AMB needs to consider both SNR and
the linear correlation. The proposed scheme B can significantly
improve the SNR at the cost of sacrificing some LCF. Note that
the maximum measurement frequency is confined to 10 MHz,
which is mainly limited by the sampling accuracy and bandwidth
of the oscilloscope and probes. The amplitude of voltage and
current signals above 10 MHz is quite small, making them highly
susceptible to background noise. In [13], a high-pass filter was
implemented to the motor drive system to improve measurement
accuracy in the frequency range above 10 MHz, which could be
considered for further optimizing the impedance identification
results of the AMB.

It can be seen from Fig. 22 that the three CM impedance have
a generally consistent trend in the whole frequency range, and
the ZZ is significantly lower than the others, which means that
the thrust AMB makes a greater contribution to the CM EMI.

Then, it is also important to verify the impact of the linear
correlation between the three individual measurements on the
impedance extraction results. To take Zz as an example, the
extracted Zz with different LCF threshold pLCF is shown in
Fig. 23. The 0.95 is what we chose to get the final result shown
in Fig. 22. When pLCF is set as 0.98, it can be clearly seen that
there are many noise points added to the impedance spectrum.
These noise points are caused by the numerical errors while
calculating (7) with approximate singular matrix Y. On the
contrary, when pLCF is set lower as 0.9, the valid frequency
points are not enough and some features of the spectrum will be
lost. Therefore, the selection of appropriate pLCF should strike
a balance between smaller noise and more valid points.
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TABLE III
EXTRACTED PARAMETERS OF THE CM MODEL

Fig. 24. Fitting results of the impedance.

Using the measured impedance, the parameters of the lumped
parameter equivalent circuits of the AMB’s CM path can be
extracted with the proposed two-step fitting scheme using a
genetic algorithm. The fitting results are shown in Fig. 24 with
dashed lines and the corresponding 51 parameters are shown in
Table III. Also, the impedances of the LISNs, the inductance and
resistance of dc power cable, as well as the stray capacitances of
the converter are measured offline with VNA. Note that the LISN
is fitted with the circuit model in Fig. 6. All these parameters
are also shown in Table III. Now we have finally gotten the HF
CM model of the 5-DOF AMB system.

To validate the effectiveness of the model, a control experi-
ment is conducted. The dc bus voltage is changed to 150 V, and
the switching frequency of the converter is modified to 15 kHz,
the AMB works under 5-DOF static suspension condition. The
CM EMI is tested using an EMI receiver. Then, the three CMVs
as shown in Fig. 6 are measured as excitation and the CMV
on the 50 Ω output port of the LISN is simulated based on
the HF CM model. The model of an EMI receiver with an
intermediate frequency filter and peak detection is established

Fig. 25. EMI prediction result.

[21]. Finally, the CM EMI can be predicted and compared with
the tested results as shown in Fig. 25. The prediction errors of the
envelopes are also shown in Fig. 25. The peak of the predicted
EMI spectrum is almost consistent with the tested results. The
maximum prediction error of the peak of the spectrum is no more
than 8 dB. Overall, the predicted results are relatively accurate,
proving the effectiveness of the model established in this article.

VI. MODEL-BASED CM EMI FILTER DESIGN FOR AMB

The design of CM EMI filter for the AMB is proposed in
this section to further validate the effectiveness of the proposed
model as well as to demonstrate a typical application scenario
of the model.

First, the CM EMI of the AMB drive system is tested with an
EMI receiver on static levitation condition with 150 V dc bus
voltage and 20 kHz switching frequency, as shown in Fig. 26(a).
The required insertion loss (IL) of the filter is calculated based
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Fig. 26. (a) Measured CM EMI. (b) Required insert loss.

Fig. 27. CM equivalent circuit of the AMB system with EMI filter.

on the industrial standard IEC 61000-6-4 with a reserved 6 dB
margin, as shown in Fig. 26(b). The four spectral peak points
in Fig. 26(b) are selected as reference values for the IL of the
designed filter.

Then, the filter type is selected and the IL should be calculated
based on the proposed model. There are several typical CM filter
configurations, including LC, CL, CLC, and LCL [22]. To avoid
resonance, the second-order filters are most commonly used.
The LC filter would be better to suppress the CMV on the LISN
[23], but it will be possible to increase the leakage current of
the load side. However, for the AMB, the displacement sensor
would be prone to the frame and rotor voltage, thus the leakage
current of the AMB should also be suppressed. Therefore, the
CL filter is selected here in this article.

The equivalent circuit of the AMB drive system along with
the CL filter is shown in Fig. 27. All the parameters have been
defined in Fig. 6 and have been measured or identified with the
modeling procedure. The value of the Y capacitor Cy is selected
as a typical value 2200 pF, and the insert loss under different
Lcm is calculated and shown in Fig. 28.

Next, by comparing the four reference points in Fig. 26(b)
with the calculated IL in Fig. 28, we can obtain a rough threshold

Fig. 28. Predicted IL of the EMI filter.

Fig. 29. Required and designed CM inductance.

Fig. 30. Photograph of the designed CM Filter.

of the frequency-dependent inductance Lcm as shown in the blue
dashed line in Fig. 29. The selected CM inductor should have a
greater inductance than the threshold within the whole frequency
range. A 3 mH prototype of a CM inductor is built based on
nanocrystalline iron core, and its inductance is measured and
also drawn in Fig. 29. It can be seen that the designed inductor
can basically meet the requirement.

The designed EMI filter prototype is shown in Fig. 30, with
a size of 73 mm×34 mm×25 mm, taking 9.2% of the size of
the whole converter. The CM EMI of the whole system with the
designed filter is tested and compared with the original EMI,
as shown in Fig. 31. It can be seen that the EMI filter can well
suppress the CM EMI below the standard line. The maximum
peak of the CM EMI with filter appears around 220 kHz, corre-
sponding to point 2© in Fig. 29, where the designed inductance
is a little bit below the required value. The required IL is then
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Fig. 31. CM EMI comparison with or without filter.

Fig. 32. Comparison between required, tested, and predicted IL.

Fig. 33. Displacement comparison with or without filter.

compared with the tested and model-based predicted ones, as
shown in Fig. 32. It can be seen that the predicted IL fits well with
the actual measured one, which can further prove the accuracy of
the CM model of the AMB system. Significant deviation appears
in high-frequency range above 3 MHz, which is because the
tested CM EMI is submerged by the background noise as can
be observed in Fig. 31.

Furthermore, the displacement waveforms of the rotor under
static floating are compared with or without the CM Filter, which
is shown in Fig. 33. It can be seen that the designed filter can
effectively reduce the interference on the displacement sensor,
thereby enhancing the suspension accuracy.

VII. CONCLUSION

In this article, the HF CM model of the 5-DOF AMB system
has been established, which can be further used to help design
the EMI filters for AMBs.

We have found that the 5-DOF AMB system should be
modeled as a 3-input 1-output system. Its impedance charac-
teristics should be measured online because only then will there
be an air gap between the stator and the frame. A V-I-based
multiaxis online measurement scheme is proposed, with three
independent measurements to identify impedance. It has been
found that the signal processing method and the LCF between
the three measurements would both affect the impedance ex-
traction result. Therefore, the multispectral envelop algorithm
is proposed to get better SNR, and the modified ZCMPWM
is implemented to reduce the linear correlation coefficient in
the entire frequency range. The lumped parameter equivalent
circuits are established and two-step fitting with a genetic algo-
rithm is proposed to extract the large number of parameters. The
experiments have proved that the model built in this article can
very well predict the CM EMI of the 5-DOF AMB system. Also,
the IL of the CM EMI filter can be precisely predicted based on
the proposed model, thus the filter can be well designed. The
experiment results have proved that the implementation of CM
EMI filter can significantly improve the levitation accuracy of the
rotor.
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