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ABSTRACT Recently, magnetic bearings have been widely used in inertial actuators of spacecraft. Aiming at
the problem of unbalanced vibration in magnetically suspended system, the research status of active vibration
control method is described in detail. Firstly, the structure and working principle of magnetically suspended
system are introduced, and the causes of unbalanced vibration are expounded. Then, the research status of
active vibration control methods at home and abroad is introduced from two aspects of synchronous vibration
and harmonic vibration, and the advantages and disadvantages of each control method are summarized.
Finally, the future development trend of active vibration control technology for magnetically suspended
system is prospected.

INDEX TERMS Active vibration control, unbalance vibration, magnetically suspended system, synchronous

vibration.

I. INTRODUCTION

With the development of space missions, magnetic bearings
with advantages of high speed, active control, no friction
and long life have been widely used in inertial actuators of
spacecraft. By magnetically suspended technology, the rotor
is suspended without contact [1], [2], [3].

Although magnetically suspended inertial actuators has
the above advantages, when the rotor rotates at high speed,
the uneven mass distribution of the material and installation
errors will lead to the existence of rotor mass imbalance.
As a result, the center of mass and geometric center of the
rotor do not coincide, and there is an offset and deflection
between the geometric axis and the inertial axis, resulting in
synchronous vibration when the rotor rotates at high speed.
The mass unbalance of rotor is divided into static unbalance
and dynamic unbalance [4], which will produce synchronous
vibration force and torque [5]. They are transferred to the
spacecraft platform, which will seriously affect the point-
ing accuracy and ultraagile maneuvering performance of
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the spacecraft. Therefore, it is necessary to suppress the
unbalanced vibration in the magnetically suspended rotor.

Il. INTRODUCTION OF MAGNETICALLY

SUSPENDED ROTOR SYSTEM

Magnetically suspended control sensitive gyroscope
(MSCSQG) is a typical magnetically suspended rotor system.
Full active magnetic bearing is used to control the axial and
radial suspension of the rotor, and Lorentz force magnetic
bearing (LFMB) is used to control the two-degree-of-freedom
tilt of the rotor [6], [7], [8]. Taking MSCSG as an example, the
structure and working principle of magnetically suspended
rotor system are introduced.

As shown in Figure 1, MSCSG is mainly composed of
gyro room, radial magnetic bearing, axial magnetic bearing,
LFMB, rotor system, drive motor, displacement sensor and
so on. The radial magnetic bearing controls the radial two-
degree-of-freedom (2-DOF) suspension and axial magnetic
bearing controls the axial suspension with one DOF. LFMB
mainly controls the 2-DOF tilt of the rotor and the high-speed
rotation is controlled by a drive motor. The closed-loop con-
trol system of MSCSG is shown in Figure 2. The eddy current
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FIGURE 1. The structure of MSCSG.
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FIGURE 2. The closed-loop control system of MSCSG.

displacement sensor is used to detect the actual displacement
of the rotor, and the detected voltage signal is adjusted by
the conditioning circuit to protect the DSP chip, which is
input signal of PID controller after A/D conversion and the
control signal is obtained. The control signal enters the cur-
rent ring, and the control current is obtained through the
power amplifier. After entering the magnetic bearing coil, the
magnetic field force is generated to control the rotor. And
then, the real-time current is detected by the current sensor.
The parameters of the current ring are adjusted according to
the rotor’s state information detected by the sensor, and the
current of coil is adjusted, so that the rotor is suspended in
the equilibrium position.

Ill. ACTIVE VIBRATION CONTROL METHOD OF
MAGNETICALLY SUSPENDED SYSTEM

A. PRINCIPLE OF UNBALANCED VIBRATION GENERATION
IN MAGNETICALLY SUSPENDED SYSTEM

Studies have shown that rotor unbalance is the main vibration
source of magnetically suspended system [9]. The unbalance
vibration mainly includes the synchronous and harmonic
vibration introduced by mass unbalance and sensor runout.
When the rotor rotates at high speed, the uneven distribution
of material mass and machining errors will lead to the rotor
mass imbalance. As a result, the center of mass and geometric
center of the rotor do not coincide, and the inertia spindle
does not coincide with the geometric axis, resulting in the
same frequency vibration with the rotor speed. The mass
unbalance of rotor can be divided into static unbalance and
dynamic unbalance. As shown in Figure 3, static unbalance
caused by the non-coincidence of the center of mass and
geometric center will generate synchronous vibration force.
The dynamic unbalance caused by the non-coincidence of the
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FIGURE 3. The rotor mass unbalance of magnetically suspended system.

inertial axis and the geometric axis will produce synchronous
vibration torque.

As can be seen from Figure 3, the static unbalance and
dynamic unbalance of the rotor can be expressed as:

O, = &5 cos(Q2t + 65)

(D
g4 = &4 cos(Q2t + 64)

where, ©, and @ are the rotor static unbalance and dynamic
unbalance respectively, €5 and 0, are the eccentricity and ini-
tial phase between the center of mass and the geometric center
respectively, ¢4 and 6, represent respectively the eccentricity
and initial phase between the inertial axis and the geometric
axis, €2 is the rotor speed. smooth circle, as shown in Figure 4.
When the rotor starts to rotate, the irregular rotation curve
also starts to rotate at the speed, resulting in periodic interfer-
ence, that is, sensor runout. Therefore, the output signal of the
displacement sensor will contain synchronous and harmonic
components, which can be expressed in the form of Fourier
series:

n
dy =D ay cos(kQt + by) )
k=1

where, d, is the harmonic component contained in the sen-
sor output signal caused by sensor runout, a; and by are
the amplitude and initial phase of the harmonic component
respectively. From Equation (2), it can be seen that the sensor
runout will not only generate synchronous vibration (k = 1),
but also generate harmonic vibration (k = 2, 3,4...).

Firstly, the translational electromagnetic force model of a
magnetically suspended rotor system affected by unbalanced
vibration is established. In MSCSG, the radial suspension of
rotor is realized by the radial magnetic bearing. The elec-
tromagnetic force model generated by the MSCSG radial
bearing can be expressed by the following formula:

Fx:ki'ix"f‘ks'xx (3)

where k; is the current stiffness coefficient, ks is the displace-
ment stiffness coefficient, i, is the coil current of the radial
X-channel, X, is the ideal displacement of the rotor system.
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FIGURE 4. Schematic diagram of sensor.

The above formula is the ideal electromagnetic force gener-
ated by the radial magnetic bearing, but when the rotor rotates
at high speed, due to the existence of mass imbalance and
sensor runout, it will induce synchronous and multifrequency
vibrations caused by the mass unbalance and sensor runout,
which will affect the accuracy of the rotor radial suspension.
Therefore, it is necessary to establish the dynamic modeling
of MSCSG with mass unbalance and sensor runout as shown
in Figure 5.

FIGURE 5. Modeling of force with mass unbalance and sensor runout in
magnetically suspended system.

From Figure 5, the relationship between the actual output
displacement of the rotor and the ideal displacement of the
rotor system is:

Sy =Xx + O, +d, 4

After introducing imbalance vibration, the control current
can be expressed as:

iy = Xy + Oy + O} +dy) - Gs(5) - Ge(5) - Guls) ()

where S is the actual output displacement of the X-direction
sensor, X, is the ideal displacement of the X-direction sen-
sor, G.(s) is the transfer function of the controller, G,,(s)
is the transfer function of the power amplifier, G,(s) is the
transfer function of the rotor radial control system. Therefore,
the dynamic model of magnetically suspended rotor with
imbalance vibration can be expressed as:

Fy = ki - (Xx + Oy +dy) - Gy(s) - Ge(s)
“Gy(s) + ke - (X + Oy) (6)

It can be seen from Equation (6) that the control currents
of the magnetically suspended rotor system contain not only
the synchronous component caused by the mass unbalance,
but also the synchronous and multifrequency components
introduced by the sensor runout and nonlinear devices in these
circuits.
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Secondly, the electromagnetic torque model of magneti-
cally suspended rotor system affected by unbalanced vibra-
tion is established. According to the tilt dynamic equation
of MSCSG and the control principle of LFMB, it can be
obtained:

ib&+h93=mwgﬁ¢ -

JyB — J.Qa = 4NBI L} ¢

where, N represents the number of turns of the coil, I, and I,
represent the control current of LFMB, B represents the
magnetic field strength of LFMB, L, represents the radius
of stator skeleton, and ¢ represents the central angle corre-
sponding to the coil. Jy, J, and J; are the moments of inertia
of the rotor about each axis, o and g are the rotational angular
velocity of the rotor about the X-axis and Y-axis respectively,
Q2 is the rotor speed.

Considering the rotor mass dynamic unbalance and sensor
runout, rotor tilt angle detected by sensor can be expressed as:

[arza—i—otd—l—ocs )

.Br=,3+.3d +,3s

where, @ and B are the rotor tilt angle under ideal conditions,
respectively; o, and B, are the actual tilt angle with mass
unbalance; oy and By are the tilt disturbance angle caused
by mass unbalance; s and B are the tilt disturbance angle
caused by sensor runout.

Combined with (1) and (2), (8) can be further expressed as:

n
o = o + &4 cos(2t + 6g) + Zadk cos(k2t + @ar)
k=1
n

Br = B+ easin(Q + 04) + D aax sin(k Qe + par)
k=1

©))

According to Figure 6, after the tilt displacement signal
detected by the sensor going through the controller and power
amplifier, the synchronous and multifrequency disturbance
current will be generated. Where, the harmonic current can
be expressed as:

n

Iys = xx cOS(Q + 04) + D 0y cos(kQt + 1)

! (10)
Iy = xy sin(Q + 04) + 0y sin(k Qe + gp)
k=1
where, X;‘“d)(y represent the coefficient of synchronous

disturbance current, n;ndny represent the coefficient of mul-

tifrequency disturbance current, which is related to the rotor
speed and increases with the increase of the rotor speed.
Substitute (7) into (10), it can be obtained that:

(11

My + (Jy — J)P = Jd + J,QB
My + (JV - Jz)Q = Jy,B - Jsz
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FIGURE 6. Modeling of torque with mass unbalance and sensor runout in
magnetically suspended system.

n
P = g,;Q2 cos(Q2t + 6,) + k*Q? Z Ny

k=1
kQt
where cos( + o) n (12)
0 = e4Q%sin(Q1 + 0) + k22 Z oy
k=1

sin(k2t + @)

Let Mgy = (Jx - Jz)P
Map = (Jy — J)0

As can be seen from (13), the unbalance vibration torque of
MSCSG mainly consists of two parts, including synchronous
vibration torque generated by rotor dynamic unbalance and
multifrequency vibration torque generated by sensor runout.

(13)

B. CONTROL METHOD OF SYNCHRONOUS VIBRATION
OF MAGNETICALLY SUSPENDED SYSTEM

In order to reduce the influence of synchronous vibration
caused by the mass unbalance of the rotor on the magnetically
suspended system, the above mentioned synchronous vibra-
tion can be actively suppressed by the advantage of active
control of the magnetically suspended rotor.

As shown in Figure 7, active vibration control strategies
are mainly divided into two categories, namely active balanc-
ing and unbalance compensation. Active balancing aims to
reduce the harmonic component of the control current in the
magnetic bearing system, so as to weaken the active control
effect of the magnetic bearing and force the rotor to rotate
around the inertial axis, in order to minimize the unbalance
control force of the rotor. Therefore, the method is also called
“zero-force”” method, which is suitable for the occasions
where the synchronous vibration force and torque need to be
reduced. Unbalance compensation is to increase the control
current by certain measures or compensation algorithm to
enhance the active control effect of magnetic bearing, forcing
the rotor to rotate around the geometric axis, so as to mini-
mize the vibration displacement of the rotor. Therefore, this
method is also called ““zero displacement” method, which
is suitable for rotating machinery and equipment requiring
higher pointing accuracy [10].
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FIGURE 7. Classification of active vibration control methods.
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FIGURE 8. The generalized multivariable notch filter.

According to the difference of principle, synchronous
vibration suppression method can be classified as syn-
chronous vibration suppression algorithm, there are Repeti-
tive Control (RC), Resonant Controllers (RSC), Least Mean
Square (LMS), and Adaptive Frequency Estimation (AFE),
Synchronous Rotating Frame (SRF), variable step size itera-
tive algorithm, sliding mode control, etc.

Notch filter has the advantages of simple structure and
easy implementation, so it is widely used in the engineering
practice of vibration control, but the conventional notch fil-
ter will affect the stability of magnetically suspended rotor
system. In 1996, a generalized multivariable notch filter was
proposed in [11], as shown in Figure 8. A sensitivity adjust-
ment matrix T was inserted into the universal notch filter
to adjust the position of the system poles, so as to ensure
the stability of the system. In 2015, Cui et al. proposed a
full-frequency adaptive control method for unbalanced vibra-
tion of magnetic bearing based on phase notch filter, which
directly takes the synchronous vibration force as the control
objective, solving the problem that conventional notch filter
affects the system stability, and eliminates the synchronous
vibration force [12]. In 2016, Zheng et al. compared the
suppression effect of phase notch filter in series and parallel
mode, and proposed a phase notch filter in parallel mode
to better suppress the synchronous vibration in the active
magnetic bearing system compared with the series mode [13].
In 2017, Peng et al. proposed a second-order notch filter to
eliminate synchronous vibration of magnetically suspended
rotor system with strong gyroscopic effect, and derived the
solution of switching to distinguish between low speed and
high speed in order to ensure the stability of the system in the
full speed range by adjusting the phase angle [14]. In 2018,
Peng et al. proposed a novel cross-feedback notch filter for
obvious gyroscopic effect and severe coupling dynamics in
magnetically suspended flywheel, and analyze the stability
of MIMO cross-coupling system by the equivalent complex
coefficient stability criterion [15]. In 2021, Yin et al. pro-
posed an adaptive notch filter that could adjust the depth and

VOLUME 11, 2023



W. Han et al.: Review on Active Vibration Control Method of Magnetically Suspended System

IEEE Access

+
(k) =D
Jetr o 0™
cos(wkt) S w; (kt) zJ’2(kt)+ .
sin(wkt)

w, (kt)

FIGURE 9. The principle of LMS algorithm.

frequency of notch filter to suppress synchronous vibration
torque and synchronous harmonic current of MSCSG, and the
measurement accuracy of attitude angle rate was significantly
improved [16]. In 2022, Cui et al. proposed an improved
dual-channel notch filter to suppress synchronous vibration
torque in the magnetically suspended control torque gyro-
scope and improve the stability of the system by introducing
phase compensation angle and notch factor [17]. However,
the above improved notch filter still have some problems,
such as affecting the stability of the magnetically suspended
rotor system and causing greater vibration when the polarity
switch or two-stage switch is switched.

Repetitive control can suppress periodic disturbance sig-
nals with known period, unknown amplitude and multi-
frequency components. But when the frequency changes,
there are problems such as slow response speed and poor
robustness. Moreover, the phase delay and amplitude atten-
uation introduced by the low-pass filter in the high frequency
band will limit the vibration suppression ability of the repet-
itive controller in the magnetically suspended rotor system.
In addition, it is different from the electronic power system
or the rotor system, the high speed of the rotor will lead
to high frequency harmonic vibration, and the system is
unstable in the case of open loop. Therefore, the stability of
the system should be considered after adding the repetitive
controller. In order to solve the above problems, in 2013,
Xu et al. used the repetitive control method to suppress
the synchronous and harmonic current in the magnetically
control moment gyroscope [18]. The closest approach to
repetitive control is the resonant controller, also known as
finite-dimensional RC, which is a finite-dimensional internal
model structure used to compensate periodic signals. It can
not only suppress the low-order primary frequency com-
ponent selectively, but also achieve zero steady-state error
tracking because of the finite gain used at the specified fre-
quency [19]. However, the conventional MRC method above
has potential instability. In order to solve the above problems,
phase compensation factor is introduced, which is indepen-
dently adjusted to change the sensitivity function of the
overall system at each resonant frequency when the MRSC
plugged into the baseline control system so that the satisfac-
tory stability performance can be insured and wider stability
margin due to the time-varying harmonic frequency can be
achieved.

LMS algorithm was applied in the field of active vibra-
tion control of magnetically suspended rotor system in
the 1990s. As shown in Figure 9, it is a discrete adaptive
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notch filter in essence, with simple principle and strong
robustness, but it requires a lot of computation and has a
slow convergence rate. In 2004, J. Suhi et al. used LMS
algorithm to suppress vibration displacement and vibration
current in magnetically suspended rotor system [20]. In 2009,
Ihn et al. used frequency-domain LMS algorithm to sup-
press unbalanced vibration of high-speed rotating disks [21].
In 2014, Xiang et al. proposed an adaptive feedforward com-
pensation automatic balancing control scheme based on
LMS algorithm. Compared with the conventional propor-
tional feedforward, the synchronous vibration was reduced
by 40% [22]. However, the calculation amount of the above
method will increase with the increase of frequency com-
ponents to be suppressed, and it is difficult to ensure the
same convergence rate among different frequency compo-
nents. In order to solve the above problems, scholars proposed
the fast block least mean square (FBLMS) algorithm, which
divides the multifrequency vibration signal into different data
blocks, and updates the weights at different frequencies in
the frequency domain after FFT (Fast Fourier Transforma-
tion). Compared with the classical LMS algorithm which
updates weight in the time domain, the computation amount
is reduced obviously, but the transient response is still slow.
In order to suppress the harmonic force in the magnetically
suspended rotor system, Cui et al. proposed a frequency
domain adaptive LMS algorithm. The harmonic force is
taken as the input signal of the filter, and the convergence
factor of the step update strategy is introduced to improve
the convergence speed. However, it is difficult to balance
the contradiction between convergence rate and steady-state
error due to the fixed-step size algorithm [23]. In order to
ensure both fast convergence rate and small steady-state error,
Cui et al. proposed a variable step size FBLMS algorithm.
According to the error signal, reference input and the mag-
nitude of multi-frequency harmonic current, the step size
corresponding to each weight is adjusted adaptively, which
greatly improves convergence speed of the algorithm and
effectively suppresses multifrequency vibration [24]. Aiming
at micro-jitter of magnetically suspended control moment
gyroscope (MSCMG), Li et al. proposed a dual-channel
adaptive LMS algorithm, which effectively suppresses syn-
chronous vibration force caused by rotor mass imbalance
in advantage of the orthogonality of radial two channels’
displacement signals [25].

In addition to the above methods to suppress the
synchronous and harmonic vibration in the magnetically
suspended rotor system, the method of synchronous rotat-
ing frame (SRF) transformation has attracted the attention
of many scholars in recent years because of its advan-
tages such as simple structure, easy implementation, few
adjustable parameters, and small computational complexity.
SRF method is equivalent to a novel notch filter, and
its principle is shown in Figure 10. The input signal
is two orthogonal AC signals, which are converted into
DC signals through the SRF conversion matrix, which con-
tains both synchronous signals and high-frequency noise.
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After the filtering effect of LPF, the high-frequency noise in
the DC signal is eliminated, and only the synchronous vibra-
tion signal is left. Finally, through the inverse SRF conversion
matrix, the DC signal is converted into AC signal. At this
time, AC signal only contains synchronous vibration signals.
By taking the reverse compensation into the original system,
the synchronous vibration signals caused by the rotor mass
unbalance can be eliminated. In 2003, Mou et al. proposed a
notch filter based on coordinate transformation and explained
the basic principle of SRF method in detail. The simulation
results verified the suppression effect of SRF method on
unbalanced vibration signals in active magnetic bearings [26].
In 2011, Chen et al. used the unbalance vibration suppression
method based on coordinate transformation to suppress the
synchronous vibration of magnetically suspended flywheel,
and proposed a notch filter based on lead-lag correction to
improve the phase lag problem of LPF in SRF [27].

In 2015, Zheng et al. applied the SRF method for motor
drive control to the magnetic bearing system, and effectively
suppressed the synchronous vibration in the active mag-
netic bearing system through the SRF method [28]. In 2019,
Peng et al. proposed an improved SRF method to effectively
suppress synchronous vibration torque and ensure the stabil-
ity of the system through phase compensation considering
the serious gyroscope effect in magnetically suspended fly-
wheel system [29]. Peng et al. proposed an improved SRF
method, which takes the synchronous vibration force as the
input signal of controller instead of displacement signal.
And it completely eliminates synchronous vibration force in
the magnetically suspended flywheel system [30]. In 2021,
Du et al. proposed a high-precision closed-loop synchronous
signal detection method. Aiming at the problem of low detec-
tion accuracy in open-loop synchronous detection method
due to phase lag in LPF. A closed-loop synchronous detec-
tion method based on an integrator is proposed to suppress
the synchronous current caused by rotor mass imbalance
in magnetically suspended control torque gyroscope more
precisely [31].

The above methods for high-precision vibration suppres-
sion within the working speed range of the magnetically
suspended rotor all require the actual rotor speed. However,
when the Hall speed sensor has large measurement error or
fails, it is necessary to estimate the actual speed signal of
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the rotor. Scholars at home and abroad have proposed a series
of methods for frequency estimation and vibration suppres-
sion. Among them, the representative one is the adaptive
frequency estimation (AFE) algorithm.

In 2004, Karimi et al. extracted sinusoidal components of
input signals by constructing a state-space formula, which
laid a theoretical basis for AFE method [32]. In 2015,
Chen et al. proposed a novel AFE method based on radial
two-channel signals. While realizing rotor speed estima-
tion, the synchronous disturbance current in the system
was suppressed [32]. However, according to the genera-
tion principle of magnetic force in magnetically suspended
rotor system, when synchronous current is suppressed, the
synchronous vibration force still cannot be completely elim-
inated. Therefore, it needs to introduce the notch filter
to suppress the residual displacement stiffness disturbance
force [33]. In 2019, Liu et al. proposed a dual-channel input
AFE method, by introducing convergence factor and phase
compensation, the synchronous current can be effectively
suppressed within the full speed range of the rotor [34].
In 2020, Li et al. proposed an improved AFE algorithm based
on radial single channel, which could adjust the compensation
phase at different rotating speed to suppress the synchronous
component in radial X-channel control current [35].

In addition to the above active control methods for syn-
chronous vibration, In 2017, Mao et al. proposed a variable
step size real-time iterative search algorithm to find the equiv-
alent unbalance coefficient in an active magnetic bearing
system in real time, thereby suppressing unbalanced vibra-
tion [36]. In 2020, Gong et al. proposed a variable angle
compensation algorithm to suppress synchronous vibration
during a finite iterative search process based on the real-time
position of the rotor [37].

C. CONTROL METHOD OF HARMONIC VIBRATION

OF MAGNETICALLY SUSPENDED SYSTEM

The above active vibration control method used to suppress
synchronous vibration can also be used to suppress harmonic
vibration caused by sensor runout by means of parallel or
series controllers.

In 2002, Setiawan et al. proposed a multi-frequency
compensation algorithm based on Lyapunov function to
simultaneously suppress the disturbance caused by mass
im-balance and sensor runout, but experimental verification
was not carried out [38]. In 2016, Cui et al. proposed a multi-
channel phase-shift notch filter to suppress harmonic currents
in magnetically suspended flywheel system [39]. In 2020,
He et al. proposed a cascade phase notch filter to suppress har-
monic vibration in high-speed magnetically centrifug-es [40],
in which a resonant controller is used in parallel to each
frequency to form a multi-resonant controller. Peng et al. pro-
posed a novel multi-resonant controller to suppress harmonic
current in the magnetically suspended flywheel system [41].
In 2018, Cui et al. proposed a quasi-resonant controller,
which guaranteed the stability of the system in the full speed
range through mixed phase compensation, and connected the
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quasi-resonant controllers of each frequency in parallel to
the original system to effectively suppress har-monic cur-
rent in magnetically suspended rotor system [19]. In 2022,
Li et al. proposed an improved resonant controller, which
is connected in parallel with the original controller of the
system. Compared with the conventional resonant controller,
it has better performance in terms of dynamic response and
stability, and can better suppress harmonic vibration in mag-
netically suspended control torque gyro [42].

In addition to suppress synchronous vibration, the repet-
itive controller can also be used for the suppression of
harmonic vibration. In 2016, Cui et al. proposed an improved
repetitive controller, which changed the LPF in the conven-
tional repetitive controller from the loop outward to reduce
the tracking error of harmonic current and effectively sup-
press harmonic current [43]. In 2018, Cui et al. proposed
a hybrid fractional repetitive controller that adopts a par-
allel structure, including a frequency adaptive dual-mode
repetitive controller and a phase-shift notch filter. Compared
with conventional repetitive controller, it has faster response
and the control gain can be weighted, which improves the
dynamic response of the system [44]. In 2019, Cai et al.
proposed a zero-phase odd harmonic repeti-tive controller to
improve the problems such as frequency shift and shallow
notch depth, and replaced the LPF with a zero-phase LPF
outside the inner loop to improve the suppression effect of
odd harmonic vibration in the magnetically suspended rotor
system [45]. As shown in Fig. 10, in 2020, Li et al. proposed
a 3/2-order dual-mode fractional repetitive controller, which
only suppresses the odd-order harmonic vibration without
interference to other components [46]. Feng et al proposed
a polyphase shift resonant controller to suppress the peri-
odic torque disturbance in maglev control torque gyro whose
frequency changes with the speed, and introduce different
phase compensation at different disturbance frequencies to
ensure the stability of the closed-loop system when the speed
changes [47].

In addition to the above methods, the AFE and SRF meth-
ods mentioned in the previous section can also be used for
harmonic vibration suppression. In 2022, Li et al. proposed a
dual-channel AFE algorithm, which estimated the rotor speed
accurately and suppressed harmonic current in use of the
orthogonality of two-channel output signals in displacement
sensor [48] In 2022, Cui et al. proposed a multi-frequency
frame transformation method to suppress harmonic current
and vibration force. Compared with conventional repetitive
controller and resonant controller, it has better suppression
effect.

Morever, neural network is used as a general approximator
of nonlinear function instead of polynomial. Its advantage is
that it does not need to establish the identification format of
the actual system, and it can identify the essentially nonlinear
system with only a small amount of prior knowledge of
process structure. Chen proposed a direct control method
based on BP neural network to meet the requirements of
robustness, low power consumption and unbalance vibration
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suppression of maglev flywheel. A two-layer BP neural net-
work controller is designed, and the online training of the
neural network is realized based on the weight updating
algorithm [49]. Liu took advantage of the fact that RBF
neural network can track any complex nonlinear function,
and proposes a self-tuning control method based on RBF
neural network observer to identify rotor mass unbalance and
thus suppress unbalance vibration in maglev flywheel [50].
In [51], a deep neural network with two hidden layers was
used to establish the structure of a compensation controller,
and a compensation controller was designed and added to
PID feedback control by using deep learning theory. This
method provides a new adaptive control method for active
magnetic bearing control with minimum unbalance compen-
sation, and can also be applied to other multi-dimensional
vibration control.

IV. CONCLUSION

This paper firstly introduces the structure and working prin-
ciple of magnetically suspended system with MSCSG as an
example, and then analyzes the generation principle of rotor
mass unbalance and sensor runout. The research status of
active vibration control method of magnetically suspended
system at home and abroad is introduced in detail from two
aspects of synchronous vibration and harmonic vibration.
Different control algorithms can be selected in suitable appli-
cation situations.

Based on the analysis of existing active vibration control

methods, some prospects are summarized:

(i) With the continuous development of automatic con-
trol technology and artificial intelligence technology,
how to apply some new control algorithms, such as
genetic algorithm, sliding mode control, fuzzy control,
Hoo control, etc., to the unbalanced vibration control
of magnetically suspended rotor system to improve the
performance of the system and vibration suppression
effect is worthy of further study. In addition, the com-
bination of classical control algorithms and intelligent
algorithms and the use of intelligent algorithms such
as machine learning and deep learning to improve the
adaptive ability and robustness of unbalanced vibration
control algorithms still need further research.

(ii) In practical application, due to the introduction of
unbalanced vibration control in the magnetically sus-
pended rotor system, the delay problem will be caused
to the actual system. Therefore, it is necessary to ana-
lyze the time delay of the control system and the effect
of time delay.

(iii) When the maglev rotor crosses the critical speed, the
unbalance state of the rotor will change. How to design
the unbalance vibration control algorithm applied to the
rotor across the stage to reduce the vibration at this time
needs to be further studied.

(iv) When the magnetic suspension rotor system is applied
to the aerospace field, higher requirements are put for-
ward for the complexity and computational amount of
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the control algorithm. How to reduce the computational
amount and complexity of the algorithm while ensuring
the effect of the unbalanced vibration control algorithm
is worthy of further study.
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