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1 Introduction

The position estimator is a key module of self-
sensing active magnetic bearings (AMBs). It can
improve system dynamic performance and reduce the
axial dimension. Generally, the estimation methods
can be divided into two categories: state observer
estimation and parameter estimation (Tan et al., 2019;
Chen et al., 2020). A self-sensing estimator based on a
state observer was first proposed by Vischer (1988).
In this, the rotor position was calculated by a linear
mathematical model with coil current (Gliick et al.,
2011). A state feedback controller was presented, and
the linear amplifier and inductance transformer were
adopted in a self-sensing system (Li et al., 2004).
However, the system dynamics and robustness cannot
be investigated.

For low stability and high sensitivity, most re-
searchers prefer to perform the parameter estimation
methods (Maslen et al., 2006; Park et al., 2008; Ji
etal., 2012). First, a high frequency small dither
signal is injected into the coil. Then, the rotor position
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is extracted from inductance characteristics. The
methods are limited by the bandwidth of power am-
plifier (PA) and signal noise ratio (SNR), and with the
disadvantage of additional circuits. Currently, AMBs
commonly use pulse width modulation (PWM) to
reduce hardware and manufacturing cost. By updat-
ing the disturbance amplitude and phase, a disturb-
ance suppression method for self-sensing AMB rotor
systems was proposed to reduce the self-sensing er-
rors between the real and estimated rotor displace-
ment (Yu and Zhu, 2018). The PWM ripple compo-
nents are demodulated to estimate the rotor position
because the working current and voltage were related
to the inductance of the bearing coil (Schammass et
al., 2005; Ranft et al., 2011; van Schoor et al., 2013).
Amplitude demodulation methods inherently involve
the low pass filter (LPF), band pass filter (BPF), and
absolute value circuit to isolate the fundamental
components of coil current or voltage (Yu and Zhu,
2016). Although system stability was improved, it is
difficult to operate well in high-speed industrial ap-
plication because of the phase shift in the sensing
path. To simplify the estimation model, the direct
current measurement method based on switching
ripples was presented (Niemann et al., 2013; Zhang et
al., 2017).

The technical aspects of the above self-sensing
schemes are: the finite impulse response (FIR) filters
or electronic filters are adopted in the self-sensing
path. Since the external phase shift is introduced by
these filters and complex estimation algorithms, the
system stability margin will be limited. The symmet-
rical design of the demodulation circuit is the key
section. This will take charge of the fundamental
current and voltage extraction process concurrently.
Consequently, the PWM switch amplifier-based
self-sensing schemes have problems of sensing path,
sensing accuracy, and working stability.
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In addition, because the switching frequency is
generally high, it is difficult to update the rotor
position at every switching cycle. Therefore, one
suggestion is to reduce switching frequency or to
update the position at every several cycles (Chen et
al., 2020). It is a challenge for the AMBs to adapt to
high-speed rotary machines.

To address the above problems, this paper pro-
poses a synchronous sampling-based direct current
estimation (SS-DCE) method. This can not only im-
prove the dynamical performance of self-sensing
AMBs, but also can provide technical support for the
non-collocation design of magnetic levitation systems.

The theories of AMB reluctance model and
SS-DCE method are provided in Data S1, including
all governing equations, algorithm principle, deriva-
tion procedures, and explanations of variables.

2 Results and discussion

To check the technical advantages of the
proposed method, a comparative numerical analysis
with the analogue filtering amplitude demodulation
method (AFAdM) and the digital filtering amplitude
demodulation method (DFAdM) is performed.

The current and voltage signals are digitized via
a 100 kHz A/D converter when they are filtered by the
analog BPFs. Then, the ideal absolute value functions
are implemented to detect the envelope of the current
and voltage, and the position information is shifted to
low frequencies. LPFs can select only the low
frequency baseband signal as the control signal. The
BPF constitutes a high-order FIR filter with a
pass-band of 400 Hz and center frequency of 2 kHz.
The 300th order FIR LPF has a cut-off frequency of
60 Hz, a pass-band of 30 Hz, and a stop-band of
400 Hz. The rotor position can be calculated by the
quotient of the max values of the current and voltage,
and be compensated by a nonlinearity of a magnetic
module.

2.1 Position estimation for static performance

The numerical instances for static performances
(position, inductance, linearity, and error) are estab-
lished, in which the switching frequency and syn-
chronous sampling frequency are 2 kHz, the control
frequency is 50 Hz, the sampling frequency of
DFAdM is 100 kHz, the bias current is 3 A, the

nominal inductance is 13.2 mH, and the system power
is 50 V.

The comparative results for position and in-
ductance are shown in Figs. 1 and 2, respectively. The
position estimation of SS-DCE can approach the
referring position with the nominal inductance. Under
open-loop conditions with referring sensor, the de-
sired position is linearly varied from 50 pm to 250 pm.
The linearity and error of the position estimation are
shown in Figs. 3 and 4, respectively. Meanwhile,

— SS-DCE
—* DFAdM
== Sensor

N
a
o

N
o
o

150

1001

Estimation position (um)

o
o

0 2 4 6 8 10 12 14 16
Time (ms)

Fig. 1 Position estimation of SS-DCE and DFAdM

18 20

13.225¢
\ — SS-DCE
. —- DFAdM
13.220 \ == Norminal |
| |
13215 | [

13.210

Estimation inductance (mH)

13.2051

13.200 . * . * * : ’

0 8 10 12 14 16 18 20
Time (ms)
Fig. 2 Inductance estimation of SS-DCE and DFAdM

2 4 6

3007
250

2001

Estimation position (um)
&
o

100y — SS.DCE
=+ DFAdM
50t == Sensor
0

0 50 100 150 200 250 300
Reference position (um)

Fig. 3 Position linearity of SS-DCE and DFAdM



Hu et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2020 21(5):401-405 403

the estimation error is a function of two variables:
frequency and position. In Fig. 5, the average value of
SS-DCE precision ranging from 0.1Hz to 200 Hz
reaches about 2%, and improves more one time
compared with DFAdM.
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2.2 Position estimation for dynamic performance

The gain and phase response of the self-sensing
system is denoted as

G(w) =201g 2o (D).

X, (@) @b
where X.s(®) is the self-sensing output, and X.q(w) is
the reference signal. The comparative results for dy-
namic performance are shown in Fig. 6.

Under the ideal condition, the frequency re-
sponse is 0 dB, and the phase difference should be
zero. The phase shift can be reduced compared with
the methods of AFAdM and DFAdM. The phase lag

of SS-DCE is around 220 at the eigen frequency of
19.3 Hz, but it has 820 phase margin when the rotor
operates at 200 Hz.

Compared with AFAdAM and DFAdM, the fre-
quency response of SS-DCE is likely to be the same
and the phase is closer to zero in the frequency range
of 1-50 Hz. The SS-DCE has the best frequency re-
sponse. This demonstrates that the AMB has better
rising-speed characteristics.
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Fig. 6 Comparisons of system gain and phase response

2.3 Experimental results

To verify the effectiveness of the proposed
method, a platform for experimental AMB is devel-
oped based on the SS-DCE and dual closed-loop
control. The experimental platform consists of con-
troller, micro-positioning platform, current sensor,
switching Pas, and referring position sensor. The PAs
are configured in two-state modes (50 V) to ensure
high frequency ripples, and increase the working
stability of self-sensing AMB. The built-in control
circuits can provide optimum gate drive and protec-
tion for the power devices.

For an air gap of the rotor from 50 to 250 pum, the
output comparative experiments with the HZ-891
sensor are conducted, and the linearity results are
shown in Fig. 7. The maximum precision of SS-DCE
is about 3.64% when the test frequency is 50 Hz. The
precision test results (Fig. 8) can prove that SS-DCE
has a better estimation precision than DFAdM within
25-200 Hz, which accords with the numerical results.

To check the dynamic performance of the pro-
posed method further, pulse response experiments are
performed, in which a force disturbance is lightly
applied through a knock on the truss by a rubber
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hammer. From Fig. 9, we can see that the system
retains good stability under force disturbance, and has
rapid convergence and acceptable overshoot. When
the magnetic levitation rotor runs within the range
—250-250 pum, the maximum absolute error of the
SS-DCE is less than 20 um.
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Fig. 7 Linearity test results of SS-DCE
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3 Conclusions

Rotor position estimation is a key factor in the
working performance of self-sensing AMBs. To re-
solve the problems of PWM switch amplifier-based
self-sensing methods, an SS-DCE method is proposed,
and the main conclusions can be drawn as follows.

1. The self-sensing path is determined by filter
number, algorithm complexity, and phase lag. The
rotor displacement is a nonlinear function about the
voltage/current. This can be linearized by the switch
amplifier ripples to reduce the self-sensing path.

2. The estimation error is a function of frequency
and position. The SS-DCE method can obtain better
static performance (position, inductance, linearity,
and error).

3. A self-sensing AMB experimental platform is
established, and the results prove that the SS-DCE
method can restrain the phase shift, with better rising-
speed response, rapid convergence, and acceptable
overshoot.
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