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Abstract: The harmonic response caused by unbalanced excitation vibration for the high-speed
rotating machinery will reduce the control accuracy and stability of the maglev high-speed motor,
and limit the increase of its speed. When the active magnetic bearing is used to solve the unbalanced
vibration, it will increase additional electromagnetic force and energy consumption, sometimes
leading to the saturation of the power amplifier, and will transfer to the bearing foundation, causing
the foundation to vibrate. In this paper, we analyzed periodic unbalance excitation force and the
principle of rotor unbalanced vibration suppression, and the unbalance vibration model of the maglev
rotor is derived. The Least-Mean-Square (LMS) algorithm is introduced into the PID control, an
unbalance vibration control strategy based on real-time filtering compensation of rotor displacement
signal is proposed, the vibration is eliminated by filtering the synchronous frequency and harmonic
signal of the input of the PID control. The experimental results show that the proposed method
can improve the maglev rotor’s rotation accuracy, reduce the magnetic bearing’s maximum control
current, and decrease the vibration of the supporting foundation.

Keywords: unbalanced vibration; LMS; maglev motor; vibration control; foundation vibration

1. Introduction

The motor is the power source of industrial equipment and plays an important role
in the whole industrial field. Maglev high-speed motors are characterized by high speed,
no transmission, and small inertia. Compared with traditional motors, high-speed motors
have higher power density, smaller volume, smaller noise, faster dynamic response, and so
on. With the wide application of maglev technology in the field of bearings and trains [1–3],
researchers have made many attempts to apply maglev technology to high-speed motors.
But, there is a certain imbalance in the rotor due to material, machining accuracy, and
working deformation. The unbalanced force caused by the unbalance rotor causes the
unbalanced vibration of the rotor, which not only affects the operation accuracy of the
rotor, but also reduces the reliability of the system. At present, the unbalanced vibration
compensation for maglev rotors can be divided into two categories according to their
compensation methods. One is the minimum displacement compensation [4]. That is,
based on the displacement of the rotor, an inverse electromagnetic force is applied to rotate
it around the geometric center. The other is the minimum force compensation, which is to
make the rotor rotate around its inertia axis to minimize the inertia force of the rotor. The
minimum displacement compensation can effectively reduce the unbalanced displacement
of the rotor, but the amplitude and phase of the compensation signal are usually calculated
more complexly. The principle of minimum force compensation is to eliminate the control
of unbalanced vibration and make it rotate freely around the inertial axis, which can
effectively reduce the vibration force and improve the rotation accuracy [5].
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R. Herzog et al. used the generalized narrow band notch filter to control the unbal-
anced vibration of the maglev rotor and used the sensitivity matrix at a certain speed
to calculate the notch filter parameters at that speed [6]. K. Y. Lum et al. proposed to
compensate for the rotor’s unbalance vibration in the whole speed range by the unbalance
parameters identified at a certain speed [7]. J. Setiawan et al. used bias current excitation
to identify unbalanced forces, allowing the rotor to rotate around a geometric axis with
high precision [8]. A. Matras et al. applied the adaptive disturbance rejection method to
the maglev rotor system and achieved an obvious control effect at a constant frequency [9].
Chiacchiarini et al. applied an iterative learning algorithm to imbalance compensation,
compared the effects of using a forgetting factor and non-causal low-pass filter, and found
that the latter is better [10]. F. Betschon et al. obtained the rotor unbalance parameters
by gaining scheduling adaptive control, and carried out automatic balance [11]. Zheng
Shiqiang et al. combined the feedforward control strategy with the adaptive notch filter to
compensate for the displacement stiffness force component and the current stiffness force
component in the unbalanced vibration force, respectively, to achieve automatic balance
control [12]. K. Nonami et al. proposed an unbalanced vibration control method based
on an attempt-adjustment method [13]. A. Rundell [14] and A. Mohamed et al. [15] used
sliding mode control and the Q-parameterization method to realize automatic balance
control, respectively. Han et al. designed a sliding mode variable structure disturbance
observer to compensate for the unbalanced disturbance force and torque at the synchronous
frequency [16]. Zhang Yue et al. proposed an adaptive odd repetitive control that does
not need the speed sensors to suppress the active magnetic bearing odd harmonic cur-
rents [17,18].

The above literature proposes some solutions for the unbalanced vibration suppression
of the maglev rotor. Although some results have been achieved, there are problems such
as complex algorithms, slow convergence, the need for an accurate model of the control
object, and poor compensation effect. LMS algorithm is an adaptive filtering algorithm,
which is widely used in the field of signal filtering because of its simple structure and
fast convergence speed [19,20]. According to the principle of minimum inertia force
compensation, the key is to eliminate the controller’s control of unbalanced vibration and
to achieve the purpose of rotor rotation around the inertial spindle. In this regard, this
paper uses the LMS algorithm to filter the unbalanced signal and its harmonics at the input
end of the PID controller in real-time. It can reduce the amplitude of the control current of
the magnetic bearing coil, reduce its constraint on the rotor inertia force, and reduce the
vibration transmitted from the rotor to the base. The unbalanced vibration suppression
of the maglev rotor is realized and better compensation effect and convergence speed are
obtained.

2. Mechanism of Rotor Unbalance of Maglev Motor

Take the rotor centroid section and establish a coordinate system as shown in Figure 1,
with the stator center O as the origin. The coordinate axes are two mutually perpendicular
electromagnetic force directions x and y, and the stator coordinate system xOy is established.
Taking the rotation center Or of the rotor as the origin, the rotor coordinate system x′O′y′
is established. When the rotor coordinate system is in the initial state, the coordinate axis
direction is consistent with the stator coordinate system. The rotor coordinate system takes
the rotor rotation center Or as the origin, and the speed is the rotor speed ω as the rotor
rotates synchronously. OcOg = e1 is the centroid distance. OrOg = e is the distance from
the rotation axis to the center of mass. Assuming that the rotor section is a standard circle,
the coordinates xc, yc of the centroid Oc(xc, yc) in the stator coordinate system are expressed
as the displacement deviation of the rotor in the x-axis direction and the y-axis direction,
respectively.
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Figure 1. Three cases of rotor unbalance. (a) When the rotor rotation center is between the centroid 
centroids; (b) Rotor rotation center at the centroid; (c) When rotor rotation center is in the center of 
mass. 
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Figure 2. Principle of unbalanced vibration suppression control algorithm for maglev rotor. 

The rotor unbalanced displacement signal is sinusoidal in the form of the following: 

0( ) sin( )d t A tω ϕ= +  (3)

Figure 1. Three cases of rotor unbalance. (a) When the rotor rotation center is between the centroid
centroids; (b) Rotor rotation center at the centroid; (c) When rotor rotation center is in the center of
mass.

Due to the relatively small support stiffness of the magnetic bearing, when the rotor
rotates at high speed, it will rotate around an axis between the geometric center Oc and
the centroid Og. Because the inertia spindle does not coincide with the rotation shaft, the
rotor will produce force vibration [21]. Since the geometric center of the rotor does not
coincide with the rotation center, the rotor will produce radial whirl and radial unbalanced
displacement vibration [21].

When the rotor rotates around the rotation center and is between the centroid and the
centroid, as shown in Figure 1a, the differential equation of motion of the centroid in the x
direction is:

m
..
xc = fu + Fx (1)

Thereinto, m is the rotor mass, fu is the unbalanced excitation force generated by the
eccentricity of the rotor, and Fx is the electromagnetic force generated by the magnetic
bearing to control the rotor displacement. There is:

m
..
xc = meω2 sin ωt + kii + kxxc (2)

Thereinto, ki and kx are the current stiffness and displacement stiffness of the magnetic
bearing. And i is the control current.

It can be seen that the resultant force of the rotor is the resultant force of the inertial
force and the electromagnetic force of the magnetic bearing. Because the magnetic bearing
control is the displacement deviation control, that is, the rotor inertial force is constrained by
the dynamic electromagnetic force, the rotor rotates around its geometric center and xc → 0
realizes active control of the rotor. To make the rotor rotate around its geometric center, the
minimum displacement unbalance control is realized, that is xc = 0 in Equation (2). At this
time, the rotor rotation center and the centroid weight are merged at the stator centroid O,
as shown in Figure 1b. It can be seen from the figure that at this time e = e1, the unbalanced
force reaches the maximum value. From Equation (2), the unbalanced force is completely
offset by the kii term.

When the rotor rotates at high speed, due to the existence of mass eccentricity of the
rotor, to make the rotor rotate around its geometric center and reduce xc, the inertia force fu
of the rotor increases. To meet the requirements of formula (2), the periodic control current
i must increase, and the electromagnetic force generated by the periodic control current
will be transmitted to the supporting foundation so that the foundation will vibrate. At
the same time, when the rotor rotates, the magnetic bearing base is subject to periodic
excitation interference, reducing the stability of the system [22].
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When the rotor rotates at high speed, because the unbalanced force of the rotor points
to the centroid of the rotor, the inertial force makes the rotor rotate automatically close
to its centroid, which is the self-centering effect [23]. The displacement deviation control
of the magnetic bearing forces the rotor to rotate around its geometric center as much as
possible. If the control of the magnetic bearing on the unbalanced vibration is eliminated
in some way, the rotor will automatically rotate around its center of inertia. Minimizing
both the inertial force and the electromagnetic force, i.e., the minimum inertial force control.
As shown in Figure 1c. At this time, the rotor centroid coincides with the rotation center,
that is e = 0, the unbalanced inertia force fu = 0, and the rotor displacement vibration
amplitude A = e1. The rotor has only unbalanced displacement, but no unbalanced force.
The minimum inertia force control is realized.

From the above analysis, it can be seen that reducing the periodic control current of the
magnetic bearing can make the rotor more inclined to its inertial axis rotation, effectively
reducing the electromagnetic force and its influence on the supporting foundation.

3. Unbalance Vibration Control of Maglev Motor Based on LMS
3.1. Unbalance Vibration Control Model of Maglev Motor Rotor

The schematic diagram of the maglev rotor control system with filter compensation
is shown in Figure 2. Thereinto, Fd(t) is the unbalanced force of the rotor, which causes
the rotor to produce an unbalanced displacement X(t). Because the actual position of the
rotor is inconsistent with the center position, the controller input will produce a periodic
deviation signal. The controller produces the corresponding control signal according to the
deviation signal. And the periodic electromagnetic force is transmitted to the base reversely,
which will also produce the periodic base vibration. From the above analysis, it can be seen
that to achieve the rotor unbalanced vibration suppression, the appropriate filter can be
selected to filter out the signal of the synchronous frequency as the speed at the input of the
controller. The LMS algorithm can effectively filter or extract the sine wave of the specified
frequency in the signal, so it is introduced into the rotor control.
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The rotor unbalanced displacement signal is sinusoidal in the form of the following:

d(t) = A sin(ω0t + ϕ) (3)

In the formula, A is the amplitude function of the rotor displacement signal concerning
time t, ω0 is the rotor rotation angle frequency, and ϕ is the displacement phase. Expand
Equation (3) as follows:

d(t) = A sin ϕ cos(ω0t) + A cos ϕ sin(ω0t) (4)

Let A sin ϕ = w1(t), A cos ϕ = w2(t), then:

d(t) = w1(t) cos(ω0t) + w2(t) sin(ω0t) (5)
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The discretizations of pair (5) are:

d(kT) = w1(kT) cos(ω0kT) + w2(kT) sin(ω0kT) (6)

Thereinto, k ∈ [0,+∞). T is the sampling period of the digital controller.
From the above analysis, the discrete LMS algorithm shown in Figure 3 can be con-

structed. In Figure 3, X =
[
sin(ω0kT) cos(ω0kT)

]T is defined as the input vector of the

algorithm and W(kT) =
[
w1(kT) w2(kT)

]T is the weight vector. d(kT) is the expected
signal, that is, the rotor displacement signal in the AMB system. y(kT) is the algorithm
following signal, that is, the signal obtained by real-time amplitude and phase tracking of
the signal with the synchronous frequency as the speed in the rotor displacement. e(kT) is
the algorithm error signal and ω0 is the filter angular frequency.
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The principle of the LMS algorithm is to minimize the objective function by using
the gradient random descent method. The specific definition is that the weight vector is
updated in a given proportion along the negative direction of the gradient estimation of
the error performance surface during iteration. The objective function here is defined as:

δ(kT)
de f ine
= E

[
e2(kT)

]
(7)

Among them:

e(kT) = d(kT)− y(kT) = d(kT)− XT(kT)W(kT) (8)

y(kT) = y1(kT)w1(kT) + y2(kT)w2(kT) (9)

The joint (7) and (8) expansions are:

δ(kT) = E(d2(kT) + WT(kT)RW(kT)− 2HTW(kT)) (10)

where R
de f ine
= E

[
X(kT)XT(kT)

]
, H

de f ine
= E[X(kT)d(kT)]. R and H are autocorrelation

matrix and cross-correlation matrix functions, respectively. The gradient function of the
attainable objective in (10) is:

∇δ(kT)
de f ine
=

∂δ(kT)
∂W(kT)

= −2H + 2RW(kT) (11)

The R and H functions in (11) can be obtained only when the characteristics of the input
signal and the desired signal are fully estimated, which leads to an increase in the amount
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of calculation. The gradient of the objective function can be replaced by the gradient of the
mean square error of the ∇e2(kT) estimation, which is:

∇e2(kT) =
∂eT(kT)
∂W(kT)

= −2e(kT)X(kT) (12)

The iterative update formula of the weight vector can be obtained from Equation (12):

W((k + 1)T) = W(kT)− µ

2
∇e2(kT) = W(kT) + µe(kT)X(kT) (13)

In Equation (13), µ is the iteration step length, which satisfies the following condition:

0 < µ <
1

λmax
(14)

where λmax is the maximum eigenvalue of R in Equation (14). In practical applications, µ
should be as small as possible to meet the requirements of high precision, but too small µ
will lead to slow convergence.

From Equations (6), (9) and (13) and Reference [24], the closed-loop transfer function
from e(kT) to y(kT) is:

G(z) =
e(z)
d(z)

=
z2 − 2 cos(2π f0Ts)z + 1

z2 + (µ− 2) cos(2π f0Ts)z + (1− µ)
(15)

3.2. LMS Filtering Performance Analysis

The amplitude-frequency characteristics, phase-frequency characteristics, and sig-
nal extraction effect of Formula (15) are simulated and studied. The sampling period
Ts = 0.00005 s, the filtering frequency f0 = 100 Hz, and the step size µ = 0.003 are selected.
The transfer function Bode diagram is shown in Figure 4.
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According to Figure 4, the output response of the closed-loop transfer function of the
LMS algorithm is −40.3 dB at the filtering frequency of 100 Hz, and the LMS algorithm can
filter the signal at 100 Hz.
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The maglev rotor is set to stably rotate at 6000 r/min. According to the above filter
parameter setting, the rotor displacement signal and LMS real-time extraction signal are
obtained as shown in Figure 5.
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4. Experimental Verification
4.1. Experimental Installation

To verify the effectiveness of the algorithm in this paper, an experimental platform
of maglev high-speed motor is built, and the rotor online unbalanced compensation ex-
periment is carried out. The experimental platform is shown in Figure 6. The mechanical
structure of the experimental platform includes a motor, a rotor, left and right magnetic
bearings, a counterweight plate, and so on. The rotor is driven by the right-end motor, and
the left and right magnetic bearings support the rotor. The electronic control part of the
platform is mainly composed of a dSPACE1007 controller, power amplifier, eddy current
displacement sensor, acceleration sensor, data acquisition instrument, and so on. There
are two eddy current displacement sensors placed at 90 degrees near the left and right
magnetic bearings, which can collect four displacement signals of the rotor. The signal
is input into the controller for analysis, and the control voltage is obtained. The control
voltage is amplified by the power amplifier to the control current to supply the magnetic
bearing to realize the active control of the rotor. At the same time, two acceleration sensors
are installed on the supporting base to detect the vibration transmitted by the magnetic
bearing to the supporting foundation.
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speed is set to 6000 r/min. The real-time displacement of the rotor is measured by the eddy 
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4.2. Experimental Result

Firstly, the digital PID control algorithm is used to control the stable suspension of
the rotor. The controller control period is Ts = 0.00004 s, and then the LMS algorithm is
added to suppress the unbalanced vibration. Figure 7 shows the displacement and current
diagram in the x direction of the left end when the rotor is statically suspended. The motor
speed is set to 6000 r/min. The real-time displacement of the rotor is measured by the eddy
current displacement sensor, and the output current of the controller is collected. Figure 8
shows the changes in rotor displacement and current when the LMS algorithm is used to
compensate. The comparison of the time domain and frequency domain before and after
LMS compensation is shown in Figures 9 and 10.
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Figure 9. The amplitude-frequency diagram of displacement and current before rotor LMS compen-
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component of the vibration and control current is its frequency doubling component. To 
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It can be seen from Figures 9 and 10 that before compensation, due to the unbalanced
vibration of the rotor, to compensate for the vibration, the controller outputs the control
current in real-time. From the spectrum diagram, it can be seen that the main frequency
components in the rotor displacement and the magnetic bearing control current are in
synchronous frequency with the speed. That is, the main factor affecting the rotor vibration
is unbalanced vibration, and the main component of the magnetic bearing control output is
also the unbalanced control current with the synchronous frequency. After compensation,
the co-frequency control current of the rotor is reduced by 92%, close to 0. And the
co-frequency vibration displacement of the rotor is reduced by 87%, reduced to 3 µm.
This is due to the reduction of the co-frequency control current, which makes the rotor
rotate closer to its inertial spindle. The unbalanced inertia force is reduced, and the rotor
amplitude is reduced. At this time, the rotor unbalance force is the smallest, but there is a
small unbalance displacement whose amplitude is close to the distance between the rotor
centroid and the centroid.
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It can be seen from Figure 10 that the vibration and control current with the syn-
chronous frequency as rotational speed are reduced after LMS compensation, and the
main component of the vibration and control current is its frequency doubling component.
To better control the vibration of the maglev rotor and reduce unbalance components in
the control current of the magnetic bearing. In this paper, a harmonic control algorithm
based on LMS is proposed to compensate for the harmonic vibration while compensating
for the synchronous frequency vibration of the speed. In the control algorithm shown in
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Figure 2, based on compensating the fundamental frequency vibration of the rotor, the
main harmonic vibration component frequency (200 Hz here) is used as the input frequency.
The harmonic vibration is also filtered and compensated according to the control method
shown in Figure 2. The compensation result is shown in Figure 11. From Figure 11, it can
be seen that after further harmonic compensation, the harmonic vibration amplitude of
the rotor does not change much, the harmonic control current is reduced by 64% and the
amplitude of the synchronous frequency of the speed and its harmonic components in the
current spectrum is reduced close to 0. There is only a maximum peak of 0.36 A at 0 Hz,
which is a constant current provided by the magnetic bearing to overcome the rotor gravity
and keep the rotor in a stable suspension state.
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The data with a time of 1 s were randomly taken, and the peak-to-peak mean was
obtained. The results are shown in Table 1. Compared with the uncompensated, the
peak-to-peak average value of the rotor displacement vibration is reduced by 67.4% and
the peak-to-peak average value of the control current is reduced by 31% after using the
fundamental frequency and harmonic vibration control algorithm based on LMS in this
paper. Compared with the displacement and control current in static suspension, they only
increased by 32.6% and 6.5%, respectively.

Table 1. Rotor Displacement and Current Peak-Peak Mean Value.

Peak-Peak Mean Value

Displacement (µm) Current (A)

static levitation 9.32 0.46
100 Hz rotation, no compensation 38.77 0.71

100 Hz rotation, after compensation 12.63 0.49

Through the acceleration sensor installed on the base, and we measured acceleration
signals of rotor static suspension before and after LMS control. Figure 12 shows the base
acceleration spectrum when the rotor is statically suspended. Figure 13 shows the base
acceleration spectrum of the before and after LMS compensation.
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5. Conclusions 
The unbalance vibration suppression of maglev high-speed motor based on the 

Least-Mean-Square is investigated in this paper. The Least-Mean-Square control method 
is adopted to actively control the vibrations caused by the unbalanced excitation vibration. 
The numerical simulation and experimental research are carried out. From the present 
investigations, the following key observations can be obtained: 
(1) The LMS algorithm can effectively filter out the sine wave with a specified frequency 

in the signal, which is introduced into the unbalance compensation process of the 
maglev rotor to realize the unbalance vibration suppression of the maglev rotor. 

(2) Using the LMS algorithm control in this paper, after filtering the unbalanced signal 
of the synchronous frequency of 100 Hz, the synchronous frequency displacement of 
the maglev rotor and the synchronous frequency control current of the magnetic 
bearing is reduced by 87% and 92%, respectively. Further filtering the harmonic 
signal of the maglev rotor can effectively reduce the harmonic control current of the 
magnetic bearing. Further reduction of unbalanced control of rotors by magnetic 
bearings to better realize the unbalanced vibration control of the rotor. 

(3) The final compensation results show that the peak-to-peak mean value of rotor dis-
placement decreases by 67.4% and the peak-to-peak mean value of control current 
decreases by 31 % after using the LMS-based fundamental frequency and harmonic 

Figure 13. Base acceleration spectrum before and after rotor LMS compensation. (a) Compensation
for acceleration spectrum of the front base; (b) Acceleration spectrum of the base after compensation.

From Figure 12, it can be seen that when the rotor is statically suspended, the base
mainly has a vibration of about 400 Hz, which is the working frequency of the magnetic
bearing. The frequency is mainly determined by the control parameters and the output
characteristics of the hardware equipment such as the power amplifier, which does not
belong to the research scope of this paper. The following mainly studies the base vibration
caused by rotor imbalance.

It can be seen from Figure 13a that before LMS compensation, the maximum peak of
the base acceleration signal is located at the synchronous frequency of 100 Hz. Since the
magnetic bearing has no mechanical contact with the rotor, the base vibration is mainly
generated by the control reaction force of the magnetic bearing to the rotor, which is the
control electromagnetic force generated by the active suppression of the rotor unbalanced
vibration by the magnetic bearing. Figure 13b is the base acceleration signal after LMS
compensation. After the LMS algorithm compensation in this paper, the co-frequency
vibration amplitude of the base speed is attenuated by 80.4%. Figure 14 shows the time-
frequency spectrum of the base acceleration. It can be seen that before the compensation, the
base acceleration has an obvious 100 Hz co-frequency component. When the compensation
starts, the frequency component decreases rapidly and maintains a low vibration level.
When the compensation stops, the 100 Hz component of the base acceleration is restored to
the vibration level before compensation.
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5. Conclusions

The unbalance vibration suppression of maglev high-speed motor based on the Least-
Mean-Square is investigated in this paper. The Least-Mean-Square control method is
adopted to actively control the vibrations caused by the unbalanced excitation vibration.
The numerical simulation and experimental research are carried out. From the present
investigations, the following key observations can be obtained:

(1) The LMS algorithm can effectively filter out the sine wave with a specified frequency
in the signal, which is introduced into the unbalance compensation process of the
maglev rotor to realize the unbalance vibration suppression of the maglev rotor.

(2) Using the LMS algorithm control in this paper, after filtering the unbalanced signal of
the synchronous frequency of 100 Hz, the synchronous frequency displacement of the
maglev rotor and the synchronous frequency control current of the magnetic bearing
is reduced by 87% and 92%, respectively. Further filtering the harmonic signal of
the maglev rotor can effectively reduce the harmonic control current of the magnetic
bearing. Further reduction of unbalanced control of rotors by magnetic bearings to
better realize the unbalanced vibration control of the rotor.

(3) The final compensation results show that the peak-to-peak mean value of rotor dis-
placement decreases by 67.4% and the peak-to-peak mean value of control current
decreases by 31% after using the LMS-based fundamental frequency and harmonic
vibration control algorithm. Compared with the displacement and control current in
static suspension, they only increase by 32.6% and 6.5%, respectively. At the same
time, the vibration amplitude of the synchronous frequency with the base speed is
attenuated by 80.4%.

The experimental results show that the algorithm can realize the rotor’s unbalanced vi-
bration control, make the rotor rotate around its inertial axis, reduce the rotor’s unbalanced
displacement vibration and forced vibration, reduce the control current of the magnetic
bearing, reduce the power consumption of the control system, and decrease the vibration
of the magnetic bearing to the supporting foundation.
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