IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received April 23, 2021, accepted May 17, 2021, date of publication May 24, 2021, date of current version June 1, 2021.

Digital Object Identifier 10.1109/ACCESS.2021.3082925

Displacement Estimation of Self-Sensing Magnetic
Bearings Based on Biorthogonal Spline Wavelet

HAOIJIE XIONG “, JUN XIAO, DONGSHENG YANG ", (Senior Member, IEEE),
BOWEN ZHOU, (Member, IEEE), AND XIAOTING GAO , (Graduate Student Member, IEEE)

College of Information Science and Engineering, Northeastern University, Shenyang 110819, China

Corresponding author: Dongsheng Yang (yangdongsheng @mail.neu.edu.cn)

This work was supported by the National Natural Science Foundation of China under Grant U1908217.

ABSTRACT By collecting the ripple current in the control coil, the self-sensing magnetic bearings can obtain
rotor displacement information without a displacement sensor, which has the advantages of low cost and high
integration. According to the problems of incomplete and inaccurate displacement information extraction
caused by the traditional displacement estimation method using Fourier method to analyze the ripple current
with non-stationary characteristics to estimate the rotor displacement with the Gibbs effect. Therefore, this
paper proposes a rotor displacement estimation algorithm based on multiresolution filter bank biorthogonal
spline wavelet for a magnetic bearing motor based on two-level switching power amplifier. This algorithm
utilizes the biorthogonal spline wavelet with the characteristics of generalized linear phase and tight support,
which can accurately demodulate the ripple current in the coil and extract the displacement information
in the ripple current. Therefore, it is able to overcome the Gibbs effect in the traditional Fourier analysis
estimation algorithm, to reduce the influence of ripple on rotor displacement estimation, and to improve the
accuracy and stability of displacement estimation. In order to verify the correctness and effectiveness of the
proposed algorithm, this paper establishes a simulation model of magnetic bearing in MATLAB Simulink
and designs the proposed displacement estimator. Simulation results demonstrate that the proposed algorithm
has higher accuracy and better stability than traditional displacement estimation algorithms. Experimental
results show that the maximum deviation rate of the displacement estimation method proposed in this paper
does not exceed 1% when the radial magnetic bearing gap is 0.5 mm, which can effectively estimate the
rotor displacement.

INDEX TERMS Self-sensing, magnetic bearing, spline wavelet, displacement estimator, multiresolution

filter bank.

I. INTRODUCTION

Active magnetic bearings have a wide range of applica-
tion prospects in high-speed rotating machinery due to their
excellent characteristics such as no friction, no lubrication,
low loss, and high speed [1], [2]. Active magnetic bear-
ings use electromagnets to generate controllable electro-
magnetic force to levitate the rotor. The core feedback in
the closed-loop control is the rotor displacement. Generally,
the air gap between the magnetic bearing and the rotor is
only a few hundred micrometers, and the magnetic bearing is
mostly used in high-speed rotating machinery. The accurate
rotor displacement is particularly important for the safe and
stable operation of the active magnetic bearing system [3].
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The displacement of the rotor can be obtained by installing
displacement sensors on each degree of freedom (DOF) of
the rotor. However, due to the limitation of the magnetic
bearing structure, the displacement sensors cannot coincide
with the electromagnetic actuators, and its axial deviation
is not conducive to the stability control of the magnetic
bearing [4]. Meanwhile, for the flexible rotor control system,
the displacement sensors and the electromagnetic actuators
do not coincide, which lead to the different position of the
measurement point and the electromagnetic force implemen-
tation point, which will lead to the system instability and even
collapse. In addition, high-precision displacement sensors are
expensive and increase the manufacturing cost of magnetic
bearings [5], [6], which is not conducive to the application of
magnetic bearings in industry. In view of this, self-sensing
magnetic bearing was proposed for the first time in [7].
The self-sensing magnetic bearing uses the same device to
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integrate displacement collection and electromagnetic levita-
tion excitation to avoid the problem that the sensors do not
coincide with the actuators.

At present, the methods to obtain displacement from self-
sensing magnetic bearings are roughly divided into three
categories. The first type obtains the displacement state based
on the state observer. Literature [8], [9] first proposed to
establish a state observer with coil current as the input
and rotor displacement as the output based on the state
space model of the magnetic bearing system to realize the
self-sensing operation of the voltage-controlled magnetic
bearing system. Subsequently, literature [10] established a
multi-input multi-output system with voltage and current as
the input, and electromagnetic force and rotor displacement
as the output based on single input and single output, and
proposed a dual-port network state model of the magnetic
bearing system, which can directly obtain the rotor displace-
ment. Although the rotor displacement as a state variable
can be directly observed by the state observer, the stability
of the magnetic bearing control system is sensitive to the
change of model parameters, and the control system has poor
robustness [11].

The second type uses intelligent algorithms to identify
displacement. Literature [12] constructed a neural network
with hidden layers, and the well-trained neural network can
obtain the rotor displacement. However, the artificial neural
network needs offline training at first, and the quality of
offline training directly determines the accuracy of online
detection. However, the magnetic bearing motor is often
disturbed by random current signals during operation. Thus,
the parameters of offline training are difficult to be directly
applied to online detection.

The third type uses magnetic bearing coils to estimate the
rotor displacement. This type has been widely concerned
by researchers in recent years because of its intuitive and
real-time stability and online estimation. It is also a main-
stream displacement estimation method for self-sensing mag-
netic bearings. Specific implementation techniques mainly
include high-frequency small-signal injection method, dif-
ferential transformer method, and nonlinear parameter esti-
mation method. The high-frequency small-signal injection
method first injects a high-frequency and small-amplitude
voltage or current signal at the input end of the linear
power amplifier. Then, it detects the voltage value at the
output end of the coil. Finally, it calculates the equiva-
lent impedance and inductance of the coil. Literature [13]
proposed the DCM algorithm for self-sensing operation
of magnetic suspension bearings based on the small sig-
nal method. Literature [14], [15] used a digital controller
to realize the self-sensing operation based on the high-
frequency small-signal method. However, the high-frequency
and small-signal method increases hardware resources in
practical applications, which makes it only suitable for
low-power applications. The differential transformer method
takes the bias winding in the magnetic bearing as the primary
coil, the control winding as the secondary coil, the rotor as
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the iron core, and the signal of the switching power ampli-
fier as the input. The rotor displacement can be obtained
from the high frequency component of the voltage of the
control winding. In literature [16], [17], the working prin-
ciple of differential transformer method in single-DOF elec-
tromagnetic bearing system was preliminarily explored and
simulated. Literature [18] adopted a set of independent
windings for displacement measurement. Although the dif-
ferential transformer method can achieve a stable suspen-
sion of 2-DOF without sensors, it cannot be regarded as a
self-sensing technology in strict sense due to its weak autobi-
ographical perceptual integration.

The nonlinear parameter estimation method uses the func-
tion relationship between the amplitude of the ripple current
generated by the high-frequency switching of the switching
power amplifier and the equivalent inductance of the coil
under the condition of a constant duty cycle to estimate the
real-time displacement of the rotor. Literature [19] first pro-
posed the nonlinear parameter estimation method, which used
the nonlinear demodulator to extract the high-frequency rip-
ple component of the current signal and realized the displace-
ment estimation of the rotor. Literature [20] proposed a duty
cycle compensation strategy, which reduced the hardware
complexity of self-sensing. The rotor displacement estimated
by the duty cycle compensation strategy was realized in the
4-DOF radial magnetic bearing system with self-sensing
operation of 0-3000 Revolutions Per Minute (RPM). How-
ever, the ripple current harmonic composition of the switch-
ing power amplifier is complicated, and the current amplitude
extraction process usually contains nonlinear links, and the
phase lag is serious. Literature [1] proposed a rotor dis-
placement estimation strategy based on Hilbert transform to
compensate Phase lag problem. Literature [21] used the com-
plex Morlet wavelet to improve the low Signal Noise Ratio
(SNR) of self-sensing magnetic bearing systems. However,
it first used Fourier transform to analyze the ripple current and
estimated the rotor displacement. The traditional nonlinear
parameter method uses Fourier analysis to analyze the ripple
current [22], [23], while the signal of magnetic bearing motor
during operation is usually a nonstationary signal, and in the
digital control system, the signal is in a discrete and dis-
continuous state. While Fourier analysis uses trigonometric
functions to fit and decompose nonstationary signals, and
the Gibbs effect exists. For sudden and violent signals with
ripple current, Fourier needs to use a great deal of triangular
waves to fit, and the fitting decomposition is not smooth,
which will lead to incomplete extraction of rotor information
and affect the accuracy and stability of rotor displacement
estimation.

To solve the above-mentioned problems, this paper pro-
poses a rotor displacement estimation algorithm based on
the biorthogonal spline wavelet (BSW) of the multiresolution
filter bank. The special contributions of this paper include:

e A multiresolution filter bank is designed to overcome
the Gibbs effect of traditional self-sensing magnetic bearing
displacement estimation method.
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e The corresponding multiresolution filter bank biorthog-
onal spline wavelet rotor displacement estimator is designed.
By selecting different finite length attenuation wavelet base
expansion and translation, the multiscale refined analysis of
the signal is carried out, and the information extraction of
nonstationary signal ripple current and displacement estima-
tion of self-sensing magnetic bearing are realized.

e The stability and accuracy of the algorithm proposed in
this paper under different working conditions and different
displacement frequencies are compared with the traditional
Fourier analysis method considering the duty cycle through
simulation, which verifies the superiority of the algorithm
proposed in this paper.

e The actual usability and effectiveness of the algorithm
proposed in this paper are verified by the magnetic bearing
experimental platform.

The rest of this paper is organized as follows.
Section 2 introduces the basic principles of self-sensing
magnetic bearings. Section 3 introduces wavelet transform
and multiresolution analysis. Section 4 constructs a magnetic
bearing displacement estimator based on biorthogonal spline
wavelet, and Section 5 shows simulation and experimental
results, and Section 6 summarizes the conclusions of the

paper.

Il. BASIC PRINCIPLE OF MAGNETIC BEARING
SELF-SENSING

The self-sensing magnetic bearing replaces the displacement
sensor with a displacement estimator. The displacement esti-
mator uses the effective current value and voltage value of the
electromagnet to extract the rotor displacement information,
as shown in Fig. 1.

In Fig. 1, k(s) is the magnetic bearing controller; i is the
output current of the switching power amplifier; and s is the
displacement.

In order to establish a single-DOF magnetic pole mathe-
matical model, an electromagnet with an air gap is supposed
as shown in Fig. 2.

The magnetic circuit in Fig. 2 is

fH -ds = I.H, + 2sH, = NI N

where H is the total magnetic field strength; /. is the length
of the iron core; H, is the magnetic field strength of the iron
core; s is the rotor displacement; H, is the air gap magnetic
field strength; N is the number of the coil turns; and [ is the
coil current.

Since the magnetic flux density of the iron core and the
air gap are equal, H, and H, in (1) are equal, and (1) can be
rewritten as

B

+ 2s— = NI 2
MoKy Ho

l

where [ is the vacuum permeability; u, is the relative per-
meability; and B is the magnetic induction intensity. From (2),
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FIGURE 2. Electromagnet with air gap.

we can get
NI

B=wmos—
2S+E

(€)

The inductance L in the magnetic circuit is the ratio of all
the coil fluxes ¢ generated by a single coil in the winding to
the induced current i, then

L=— “
i
where ¢ is the total magnetic flux generated by an N-turn
coil.
The approximation calculation for the inductance in the
magnetic circuit can be obtained as

. M0N2Aa

L= [
2S+E

&)

where A, is the cross-sectional area of the air gap. Since u, >
1 in the iron core, the magnetization of the iron core is usually
ignored. Then, (5) can be rewritten as

. MONzAa
B 2s

From (6), it can be seen that the coil inductance is inversely
proportional to the air gap. Thus, it is feasible to estimate the
rotor displacement by measuring the coil inductance.

The coil current driven by the magnetic bearing switching
power amplifier includes effective output and high-frequency

L (6)
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FIGURE 3. Principle of self-sensing magnetic bearings.

switching ripple. For the sake of generality, the coil current
given by the switching power amplifier is

i = io+ i 7

where i is the output current of the switching power amplifier;
i is the effective output direct current; and i, is the ripple
current, which is generated by the high-frequency switching
of the power device.

Since the magnetic bearing coil can be equivalent to induc-
tance and resistance models, the voltage on the inductor is
related to the ripple current i, and the voltage on the resis-
tance is related to the total output current i.

Then the voltage applied to the electromagnet is

u = jwsLis + Ri (8)

where wy is the switching angle frequency, and i is the ripple
current at the w; frequency.
From (8) and (6), we can get

. 25 (u — Ri)
=

= 9
’ jws/'LONzAa ©

Equation (9) is the mathematical model of magnetic bear-
ing self-sensing. From (9), it can be concluded that the ampli-
tude of the high-frequency ripple current i, is related to the
rotor displacement, and thus the rotor displacement related
information can be obtained by extracting the amplitude of
Is.

As shown in Fig. 3, the total output current i of the power
amplifier is extracted to obtain the high-frequency ripple
current i, and ig is demodulated to obtain the estimated rotor
displacement s. The magnetic bearing control system uses the
estimated rotor displacement to control the magnetic bearing.

Ill. SPLINE WAVELET TRANSFORM AND
MULTIRESOLUTION ANALYSIS

At present, the Fourier analysis method is commonly used to
analyze the coil current, and the coil voltage affected by the
duty cycle is subjected to Fourier decomposition, and the cor-
responding fundamental frequency component of the current
is extracted for operation demodulation. When the magnetic
bearing motor is at operation, both the rotor displacement and
ripple current change instantaneously, with strong nonsta-
tionary signal characteristics. The Fourier analysis will use a
large number of triangular waves to fit the sudden and violent

76216

Square Wave Signal with Gibbs Phenomenon

Gibbs phenomenon
— creates ringing at step
— transition in signal

Amplitude

Time

FIGURE 4. The Gibbs effect.

signal of the ripple current, that is, the signals obtained by the
Fourier analysis have obvious oscillation at the turning point,
as shown in Fig. 4. It will affect the accuracy and stability of
displacement extraction.

The wavelet transform selects different spline functions to
derive different wavelet bases, and uses finite-length atten-
uating wavelet base expansion and translation to perform
multiscale refinement analysis on the signal. For signal non-
stationary parts, only when the wavelet function does not
coincide with it, the transform coefficient is not zero, which
can remove the oscillation at the turning point, so it is suitable
for the analysis of instantaneous nonstationary signals and
overcomes the Gibbs effect [24]. Thus, it is suitable for the
analysis of instantaneous nonstationary signals.

A. SPLINE WAVELET TRANSFORM

The spline function is often used in curve fitting, which
has simple form, compact support set, first order vanishing
moment, and generalized linear phase. Both the fitted curve
and its derivative are smooth. However, the spline function is
a low-pass function, which cannot be used as wavelet. When
extracting the amplitude of the high-frequency component of
the ripple current of the magnetic bearing, a wavelet with
a band-pass property is required for preliminary process-
ing of the current signal. Therefore, a spline wavelet with
a band-pass property needs to be derived through a spline
function. In this paper, the required wavelet is derived through
the quadratic spline function.

The quadratic spline function is

1
—12 0<t<l1
2
3 (t 3ﬁ 1<t<2
- ——-= <
() =1 a 2 = (10)
1
Ea—az 2<t<3
0 else

The frequency domain expression is
: w
P(w) = e T2 (an
2
where ®(w) is the spline wavelet function.
If x(¢) is a square integrable function and there is a function
®(r) such that ¢y = ffooo de < 00, the spline wavelet
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transform of x(¢) is defined as

WTo(a. 1) = — /x(t)cb*(—t_ “ydr
X 3 —_ ﬁ a
= (x(1), Pur(t)) (12)

where a is the scale factor; 7 is the displacement; @ is the
spline wavelet; ®,.(¢) = laCD( ’*T’) is the displacement and
scale expansion of the spi/i;le wavelet. In (12), ¢, a, and T
are all continuous variables, and thus (12) is also called con-
tinuous spline wavelet transform. The equivalent frequency

domain of (12) is expressed as
WT(a, 7) = E/—E /X(w)d>*(aw)ej‘”fdw (13)
54

From (13), it can be seen that if ®(w) is a bandpass function
with relatively concentrated amplitude-frequency character-
istics, the spline wavelet transform has the ability to charac-
terize the local properties of the signal X (w) in the frequency
domain, and different scale factors will not change its quality
factor. Therefore, from the point of view of the frequency
domain, using spline wavelet transform at different scales to
process the signal is similar to using a set of band-pass filters
to process the signal.

B. MULTIRESOLUTION ANALYSIS OF CURRENT SIGNAL

In wavelet transform, when the scale factor a is large, a gen-
eral observation is acceptable, and when the scale factor
a is small, a detailed observation is required. The quality
factor of different scale factor analysis remains unchanged
and this kind of gradual analysis from rough to precise is
called multiresolution analysis. In the actual operation of the
magnetic bearing system, the coil current data sampled by
the processor through Analog to Digital (A/D) are a discrete
sequence. Thus, the discrete sequence /(n) is directly used as
the input in this paper, and the whole calculation process is
achieved in a discrete state.

Fig. 5 shows the multiresolution frequency band division.

In Fig. 5, I(n) is the discrete sequence of coil current
signals, and Hy(w) and H(w) are low-pass filters and high-
pass filters derived from spline wavelets.

If the total frequency band (0 ~ ) occupied by
the high-frequency current I(n) is defined as the space
Vo, it is decomposed into two subspaces through the
first level: low-frequency Vi and high-frequency W;. The
second-level decomposition can be performed on V| to obtain
low-frequency V; and high-frequency W», and so on. Accord-
ing to the Nyquist theorem, the normalized frequency band
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is limited to between —m ~ -+m. Then, the signal can be
decomposed at this time. The ideal low-pass filter and the
ideal high-pass filter are used to divide the low-frequency
part and the high-frequency part. The output bandwidth is
halved, and thus the sampling rate can be halved without
loss of information. The decomposed low-frequency and
high-frequency parts can be continuously decomposed until
the required high-frequency ripple current signal frequency is
decomposed to achieve the effect of multiresolution.

IV. DISPLACEMENT ESTIMATION OF MAGNETIC
BEARING BASED ON BIORTHOGONAL SPLINE WAVELET
This section firstly uses spline wavelets to derive a multires-
olution analysis spline wavelet filter bank; then, it designs
a magnetic bearing displacement estimation algorithm based
on BSW; afterwards, it extracts the high frequency ripple
component of the coil current; and finally it obtains the
magnetic bearing rotor displacement information.

Fig. 6 shows the flow chart of the magnetic bear-
ing displacement estimation algorithm. The required
high-frequency ripple current signal I;(n) is obtained after
multilayer decomposition of the coil current /(n) output by
the switching power amplifier. As the BSW algorithm model
is essentially a bandpass filter, the ripple current Is(n) is
obtained after wavelet decomposition. Thus, the absolute
value operation is added to make its output only contain
positive signals, and the low-pass filter is used to attenuate all
the high-frequency components to almost zero, leaving only
the envelope. The envelope is the air gap length signal mod-
ulated in the high frequency component, which means that
the signal containing the required displacement. The rotor
displacement s can be estimated and demodulated by (9), and
the displacement estimated s is sent to the magnetic bearing
control algorithm for displacement adjustment.

In Fig. 6, I(n) is the coil current under the discrete condi-
tion; I;(n) is the ripple current under the discrete condition;
and s is the estimated rotor displacement.

Therefore, the discrete current signal 1(n) is decomposed
and expanded by wavelets.

] o0 o0
I(n) = — Z Z Coi. k) @ik ()
NPT

l

1 o0 o0
T Z ZDw(/,k)lﬁj,k(n) (14)

ﬁ J ok
In (14), i and j are the resolution orders, and k is the offset.

1
Coiiy = —= ) _1meik(n) (15)
@(i,k) \/E ; @i

Cy(i,k) is the approximate coefficient of discrete wavelet
transform, and ¢; x(n) is the scale function.

1
Dyin =7 > 1)) (16)
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FIGURE 6. Flow chart of magnetic bearing displacement estimation algorithm.
Dy i is the wavelet coefficient of discrete wavelet trans-
form; v; x(n) is the wavelet function. The different values of HO) > . © 6
. . . . . . . 1 1
i and j can obtain current signals with different resolutions. .
It can be seen from (8) that the inductance containing the ()] )50
rotor displacement is closely related to the current at the
switching frequency. Thus, the ripple current signal I;(n) at Hi(2) 2 : 2 Gol2)

the switching frequency can be obtained by taking different
values of i and j. In order to obtain I5(n), the scale function
@i k(n) and wavelet function ; x(n) should be obtained first.
The low-pass filter Hy and the high-pass filter H; are derived
from the multiresolution analysis filter bank, and then extract
the ripple current I;(n).

In order to facilitate the calculation of wavelet transform,
orthogonal wavelet is usually used to reduce the calculation
amount, and when only the wavelet is orthogonal, the infor-
mation contained in wavelet transform has no redundancy.
However, the tightly supported orthogonal multiresolution
analysis wavelet lacks symmetry and cannot be symmet-
ric or antisymmetric, and the corresponding filter cannot
maintain a linear phase. In order to overcome the short-
comings of orthogonal wavelets and construct a finite-length
filter with linear phase, biorthogonal wavelets are introduced.
A biorthogonal wavelet filter bank is constructed using the
spline wavelet function derived above, as shown in Fig. 7.

Get the relationship from Fig. 7,

1
I(z) = E[HO(Z)GO(Z) + Hi(2)G1(2) ) (2)
1
+ E[Ho(—z)Go(Z) + Hi(=2)G1 (@)U (=2) (17)

where /(z) is the current input of the magnetic bearing coil;
I4(2) is the coil current high-frequency ripple current output;
Hy(z) and H;(z) are the decomposed low-pass filters and
high-pass filters in the discrete domain; Go(z) and G1(z)
are reconstructed low-pass filters and high-pass filters in the
discrete domain. H;(z) can continuously decompose the high-
frequency components in the previous signal.
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FIGURE 7. Two-channel filter bank.

In order to eliminate the aliasing caused by /(—z) in (17),
it is required that

Ho(=2)Go(2) + H1(=2)G1(2) = 0 (18)

where introduce anti-aliasing conditions

: Go(z) =z 'Hi(—2) (19)

G1(z) = —z 'Ho(—2)

In order to make each layer of signal decomposition and
output pure delay, it is required that

Ho(2)Go(2) + Hi1()G1(z) = ez (20)

In this paper, c = 1, k = 0, and [ = 0 are used to reduce
the delay in extracting the rotor displacement. The low-pass
filter can be obtained from the spline wavelet functionin (11).
O(2w)
D(w)

(21) can be reduced to

3(1)

Ho(w) = 2 V2 739 cos 21)

I 3 _ 3 1 _.
Hy(w) = \/E[g + ge_Jw + ge_fzw + ge—ﬂw] (22)

Using (22) to transform in the discrete domain, the low-
pass filter in the discrete domain can be obtained

1 3 3 1
Ho(z) =vV2[-+ —z '+ 2724 773 23
0(2) f[8+8z + g7 g (23)
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According to (19) and (20), the high-pass filter and recon-
struction filter can be derived:

1 3 3 1
Hi@)=V2[—- — 7' 4+ 2724773
1) = V2[ FRRECRR LI L
Go(z) = V2[ 1+3*1+3*2 1*3] (24)
0g) = 3 SZ SZ 8Z

1 3 3 1
Gi(2) = —/2[= — 21 4 2 —2_ 1 -3
1(2) \/_[8 SZ +8z 8Z ]

Since the even-order terms of H;(z) and H{(—z) have
changed signs, after the multiplication of H1(z)H(—z), there
are only even-order terms and no odd-order terms, which
indicates that Go(z)H1(z) has only odd-order terms. Let the
inverse transformation of Gy(z) be go(n), and the inverse
transformation of Hj(z) into A1(n), we can get

go(n) = +(=1)"hi(n — 1)
g1(n) = —(=1)"ho(n — 1)

Then the actual go(n), hi(n — 1), g1(n) and ho(n — [) have
the following relationship:
When / is odd

(8000, T2 = 26)) = 0

(810, o — 200) = 0

(25)

(26)

When [ is even
<go(n), fn(n — 2k + 1)> —0

_ (27)

<g1(n), Fio(n — 2k + 1)) —0
where, ﬁl(n) is the timing reversal of k& (n), and izo(n) is the
timing reversal of ho(n).

According to the biorthogonal condition of the above equa-
tions, biorthogonal wavelets can have both compact support
and linear phase. The linear phase ensures that the magnetic
bearing coil current signal passes through the filter bank
with the same delay of each frequency component, thereby
ensuring that the decomposed signal is not distorted. This is of
great significance for magnetic bearing systems that require
high real-time and accuracy of rotor displacement.

Selecting the appropriate A/D sampling frequency to
decompose the magnetic bearing coil current /(n) through
the designed BSW filter group to obtain the high-frequency
switching current signal, which is the required pattern con-
taining the displacement. Wave current I4(n), after demod-
ulating the ripple current, the rotor displacement will be
obtained. Therefore, the magnetic bearing can obtain the rotor
displacement without a displacement sensor.

V. SIMULATION AND EXPERIMENT

In this paper, a simulation model is built in the Mat-
lab Simulink environment, taking a single-DOF two-level
switching power amplifier magnetic bearing system as an
example to verify the effectiveness and correctness of the
designed BSW algorithm and displacement estimator. The
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built-up magnetic bearing system simulation model can sim-
ulate the coil current affected by the air gap, the relationship
between magnetic bearing force and current, and the relation-
ship between force and displacement. The effectiveness of
the proposed displacement estimation strategy is also tested
on the experimental platform of magnetic bearing permanent
magnet synchronous motor.

A. SIMULATION MODEL ESTABLISHMENT

1) MAGNETIC BEARING SYSTEM MODEL

The magnetic bearing system is controlled by PID controller.
The bus voltage is u = 50 V; the internal resistance of the
coil is R = 0.5 Q; the rated inductance of the coil Ly =
12.6 mH; the magnetic pole area A = 1000 mm?Z; the number
of coil turns N = 100; the rated air gap so = 0.5 mm;
bias current iy = 3.82 A; switching frequency f; = 20 kHz.
The displacement force stiffness and current force stiffness of
the magnetic bearing are calculated, and the discrete transfer
function is used to simulate the dynamic model of the mag-
netic bearing.

2) SIMULATED INDUCTOR MODEL
It can be seen from (6) that the inductance of magnetic
bearing coil is affected by the size of the air gap, while the
inductance element in the Matlab Simulink environment is
a fixed inductance and does not change with the change of
the air gap. The ripple current obtained by the simulation
does not include displacement. This paper builds a module
to simulate the equivalent inductance of the coil that changes
with displacement.

In the continuous state, the circuit has the following rela-
tionship [25]

woN2A di

u—ig=12 2
2(s + so) dt

(28)

According to (28), a discrete simulated inductor model
can be built. The input is the ripple current generated by the
high-frequency switching of the power device of the magnetic
bearing system, and the output is the ripple current containing
the displacement.

3) WAVELET DISPLACEMENT ESTIMATOR MODEL

The BSW algorithm model and displacement estimator for
multiresolution filter banks are established. Since the ripple
current generated by the power amplifier contains many har-
monics, the BSW algorithm also functions as a band-pass
filter. According to the Nyquist theorem, a wavelet fil-
ter bank is used to extract the input signal. In this paper,
the switching frequency of the switching power amplifier
is 20 kHz; the system simulation sampling frequency is
200 kHz; the entire frequency is limited to 0 ~ w, and
the Nyquist frequency is 100 kHz as the highest frequency.
After the input signal is processed by the BSW algorithm,
the absolute value operation and low-pass filter are added for
reprocessing.
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4) FOURIER ANALYSIS ESTIMATOR MODEL CONSIDERING
DUTY CYCLE

This paper establishes a Fourier analysis estimator model
considering the duty cycle, extracting the real-time duty cycle
and ripple current of the Pulse-Width Modulation (PWM)
wave as input signals, passing through a band-pass filter [26],
absolute value calculation, and low pass filter. The parameters
of absolute value operation and low pass filter are consistent
with the wavelet displacement estimator model, and the out-
put is the displacement. The core calculation equation is

4V,

[sin(nra)], n=1,2,3,... (29)

"= JjnlmwgL
where [, is the n-th switching current ripple component; V;
is the DC bus voltage; w is the switching angular frequency;
and « is the duty cycle. This paper takes n = 1.

B. SIMULATION ANALYSIS
1) MAGNETIC BEARING STATIC START SUSPENSION
The sampling step is Se-6, and the displacement of the static
low-pass filter at 0.5 kHz, 1 kHz, and 1.5 kHz is considered
for simulation verification.

Figs. 8-10 are the displacement comparison figures.

According to Figs. 8-10, it can be seen that the BSW
algorithm estimator and the Fourier analysis method con-
sidering the duty cycle can well follow the actual displace-
ment of the magnetic bearing, whereas they all deviate from
the actual displacement. With the increase of frequency,
the performance of the two algorithms for estimating the
rotor displacement starts unstable. In practical engineering,
the magnetic bearing coil current is a nonstationary mutation
signal, and the Fourier analysis method considering the duty
cycle uses a trigonometric function to fit the coil current,
which has the Gibbs effect. The analysis and extraction of
displacement signals are not accurate, and the estimated
displacement fluctuates severely under different frequency
displacement. From (29), it can be seen that the fluctuation
frequency is affected by the change of the duty cycle when
the magnetic bearing system is adjusted. The fluctuation
amplitude increases with the increase of the frequency of the
displacement. In contrast, the displacement estimated by the
designed BSW algorithm estimator is more stable under the
three frequencies, and as the frequency of the displacement
increases, the displacement estimated by the BSW algorithm
estimator fluctuates to a certain extent, while the amplitude
and frequency of the fluctuation are both within the accept-
able range of the magnetic bearing system control.

2) STATIC SUSPENSION OF MAGNETIC BEARING UNDER
DISTURBANCE

The disturbance is added when the system is operating for
0.5 s, and the disturbance amplitude is 0.02.

According to Figs. 11-13, it can be seen that under different
frequencies, the Fourier analysis method considering the duty
cycle and the BSW algorithm estimator are both sensitive
to interference, while when the magnetic bearing control
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FIGURE 11. Comparison of 0.5 kHz displacement under disturbance.

system suppresses the interference, the duty cycle is adjusted
frequently, and the displacement information fluctuation esti-
mated by the Fourier analysis method considering the duty
cycle increases with the actual displacement frequency, up to
1.1 kHz. The amplitude of the fluctuation can reach 0.007 mm
under 0.5 kHz displacement, 0.009 mm under 1 kHz dis-
placement, and 0.011 mm under 1.5 kHz displacement. Such
fluctuation amplitude and frequency are unacceptable for the
stability control of the magnetic bearing control system, and
the maximum displacement fluctuation frequency estimated
by the BSW algorithm estimator is less than 250 Hz. The
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TABLE 1. Performance comparison with traditional methods.

Average Value /mm Max Value/mm
Fourier analysis . Fourier analysis .
Frequency /Hz . BSW algorithm . BSW algorithm
method considering . method considering .
estimator estimator
duty cycle duty cycle

0.5k 0.0057 0.0032 0.0626 0.0408

1k 0.0057 0.0036 0.0507 0.0490

1.5k 0.0057 0.0038 0.0516 0.0525
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FIGURE 12. Comparison of 1 kHz displacement under disturbance.
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FIGURE 13. Comparison of 1.5 kHz displacement under disturbance.

maximum fluctuation amplitude is 0.0004 mm under 0.5 kHz
displacement, 0.0007 mm under 1 kHz displacement, and
0.002 mm under 1.5 kHz displacement. It can be seen that
the stability and accuracy of the estimated displacement of
the BSW algorithm estimator are higher than that of the
Fourier analysis method considering the duty cycle, and it
overcomes the problem of the excessively high frequency of
the estimated displacement fluctuation.

3) ALGORITHM COMPARISON UNDER STATIC SUSPENSION
OF MAGNETIC BEARING
Taking the displacement deviation e, = x;,, — xo, where, x,,
is the displacement estimated by the self-sensing algorithm,
and xp is the actual magnetic bearing displacement. Calcu-
lating the average and maximum values of the displacement
deviation of the Fourier analysis method considering the duty
cycle and the displacement deviation of the BSW algorithm
estimator, respectively, and comparing and analyzing the per-
formance of the two methods.

According to Table 1, it can be concluded that the aver-
age displacement deviation estimated by the Fourier analysis
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FIGURE 14. 5 degrees of freedom magnetic bearing permanent magnet
synchronous motor experimental platform.

method considering the duty cycle is stable at 0.0053 mm at
the three frequencies, while the average displacement devia-
tion estimated by the BSW algorithm estimator is compared
with that of the duty cycle. The Fourier analysis method
reduces 38% on average, and the accuracy of estimating
the displacement is higher than that of the Fourier analysis
method considering the duty cycle. At 0.5 kHz displacement,
the maximum displacement deviation estimated by the BSW
algorithm estimator is reduced by 35% compared with the
Fourier analysis method considering the duty cycle. At 1 kHz
and 1.5 kHz displacement, the maximum displacement devi-
ation estimated by the two methods is not much different.
Therefore, under low-frequency displacement, the accuracy
and stability of the designed BSW algorithm for estimating
displacement are also better than that of the Fourier analysis
method considering the duty cycle. Based on the above simu-
lation, in the actual operation of the magnetic bearing motor,
the displacement fluctuation does not exceed 1kHz, that is,
the motor speed does not exceed 1kHz, the designed method
can effectively estimate the actual displacement.

C. SUSPENSION EXPERIMENT

The designed algorithm is verified on the experimental plat-
form of a magnetic bearing permanent magnet synchronous
motor. As shown in Fig. 14, the experimental platform
of 5-DOF magnetic bearing permanent magnet synchronous
motor is mainly composed of magnetic bearing synchronous
motor, controller and frequency converter.
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FIGURE 17. Displacement comparison of radial bearing under 1000 Hz
vibration.

The system parameters are shown in Table 2.

In order to verify the accuracy of the designed displace-
ment estimation algorithm, the coil currents of the radial
bearing AX under sinusoidal vibration of 100 Hz, 500 Hz,
and 1000 Hz are taken as the input of the designed displace-
ment estimation method in this paper. And system control
algorithm is incomplete derivative PID control [27]. The
estimated displacement is compared with the actual dis-
placement, and the data acquisition frequency are 100 kHz,
as shown in Figs. 15-17.

It can be seen from Fig. 15 that when the rotor of the
magnetic bearing motor runs stably and vibrates sinusoidally,
the designed algorithm can effectively follow the actual dis-
placement. It also can be seen from Fig. 16 and Fig. 17 that
even if the magnetic bearing motor is disturbed, the rotor is
not sinusoidally vibration, the designed algorithm can still
follow the actual displacement. The deviation of estimated
displacement and actual displacement of the designed method
are shown in Table 3.

It can be seen from Table 3 that in the case of a radial
magnetic bearing gap of 0.5 mm, the maximum deviation
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TABLE 2. Magnetic bearing motor parameters.

The motor power 250kW
Bus voltage 110V
The quality of rotor 70kg
Switching frequency 20kHz
Pole face area 1150mm?
Radial coil turns, 230N
Nominal air gap 0.5mm

TABLE 3. Comparison with actual displacement.

Vibration Maximum Maximum deviation
Frequency /Hz Deviation /mm rate
100 0.0043 0.86%
500 0.0011 0.22%
1000 0.0019 0.38%

rate does not exceed 1%, which is the deviation that the
magnetic bearing system can withstand for stable operation.
The experimental results show that the method proposed in
this paper can realize the sensorless operation of the magnetic
bearing system.

VI. CONCLUSION

In this paper, a self-sensing magnetic bearing displacement
estimation algorithm based on BSW is designed, and a mag-
netic bearing system model and displacement estimator are
built in the Matlab Simulink environment. The simulation
compares and analyzes the Fourier analysis method con-
sidering the duty cycle and the designed BSW algorithm.
The simulation results show that the designed multiresolution
filter bank biorthogonal spline wavelet algorithm overcomes
the Gibbs effect and reduces the influence of ripple on the
rotor displacement estimation when the magnetic bearing
motor operates within 1 kHz. The stability has been improved
by 38%, and the accuracy has been improved by 35%, and
the effectiveness of the proposed displacement estimation
method is proved on the magnetic bearing experimental plat-
form.
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