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Abstract: An active magnetic bearing (AMB) is a kind of high-performance bearing that uses
controllable electromagnetic force to levitate the rotor. Its control performance directly affects the
operation characteristics of high-speed motors and other electromechanical products. The magnetic
bearing control model is nonlinear and difficult to control. Sliding mode control algorithm can be
used in the magnetic bearing control system, but the traditional sliding mode control has the problem
of high-frequency chattering, which affects the operation stability of magnetic bearings. Based on
the second-order sliding mode control algorithm, a new second-order sliding mode controller for
active magnetic bearing control was designed, and the stability of the designed sliding mode control
law was proven by Lyapunov criterion. On the basis of the established active magnetic bearing
control model, the numerical analysis of the designed controller was carried out, and the control
effect was compared with that obtained by the exponential reaching law for the sliding mode control
algorithm. The experimental results show that the designed sliding mode controller has better
dynamic performance and stability than the exponential reaching law for the sliding mode controller.

Keywords: active magnetic bearing; second-order sliding mode; chattering problem; control

1. Introduction

An active magnetic bearing (AMB) is a kind of bearing structure that uses controllable
electromagnetic force to make the rotor suspend stably. It has the advantages of strong antidisturbance
ability, fast dynamic response, adjustable bearing capacity, and small loss. AMB has no contact
with the rotor, which can realize the stable operation of the rotor at high speed, and is suitable for
carrying high-speed motors [1,2]. As a precision component, the stable operation of AMB involves
multidisciplinary knowledge and cross-coupling, such as electromagnetic, thermal, and rotor dynamics,
and the output of electromagnetic force presents nonlinear characteristics, so it is difficult to control
AMB accurately. Sliding mode control has the advantages of strong robustness and no need for an
accurate control object model, making it suitable for the control of AMB [3-5]. However, the traditional
sliding mode control has the problem of high-frequency chattering near the stable point, which may
excite the unmodeled high-frequency components in the system, thus reducing the stability of AMB
and weakening its ability to resist dynamic load disturbance [6,7].

In order to realize the stability control of AMB, which is a time-varying, complex, and nonlinear
system, a magnetic bearing system control method based on PID surface sliding mode control
was proposed in [8]. The sliding surface was designed as a PID surface to reduce the chattering
phenomenon. In [9], a sliding mode controller was designed for the rotor axial position control
problem. The adaptive law was used to adjust the weight parameters of an RBF network online to
realize the online optimization of sliding mode controller parameters. A design method of a 5-DOF
AMB controller based on sliding mode control (SMC) and neural network (NN) was proposed in [10].
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The sliding mode control was used to achieve high robustness and fast response, while the neural
network compensated the unmodeled uncertainties and external disturbances by an online tuning
algorithm. In [11], the optimal gain matrix of the state observer and the parameters of the sliding mode
controller were solved by using the linear quadratic regulator method. The designed sliding mode
controller had good control performance and robustness to model parameter perturbation.

To reduce the chattering problem of traditional sliding mode control, Levant proposed a
higher-order sliding mode theory [12] and gave the control accuracy estimation of several second-order
sliding mode control algorithms. Higher-order sliding mode is a generalization of the traditional

sl = 0} to converge

sliding mode, which requires the r-order sliding surface S = {x € X|s =5="--
in a finite time, thus eliminating the chattering problem of the traditional sliding mode. In [13],
the authors discuss the definition of sliding mode order, relative degree, chattering attenuation,
filtering, and implementation complexity of high-order sliding mode and introduce the application
occasion and control effect of high-order sliding mode. In [14], the high-order sliding mode (HOSM)
control is called quasicontinuous (QC) control. It was proven that the sliding variable and its derivatives
converge to zero gradually in the HOSM set. In addition to the HOSM set, the output of the controller
is continuous, so the higher-order sliding mode control has less chattering characteristics. In order
to discuss the finite-time-constrained stabilization of nonlinear systems with matching uncertainties,
a high-order finite-time control law was designed in [15]. When all the high-order derivatives of
the output satisfy s = s = ---s" = 0, the output of the system satisfies s € (—c, c), where c is chosen
as constant. For the traditional sliding mode control algorithm applied to the control of a magnetic
bearing system, there is a high-frequency chattering problem near the stable point. In this paper,
a new second-order sliding mode controller is designed for the control of magnetic bearings. The first
derivative information of the sliding mode variable is introduced to ensure the convergence of the
sliding mode variable and its first derivative, and the high-frequency chattering problem near the
stable point is eliminated theoretically. The structure of the control law is given, and the stability of the
controller is proven by Lyapunov stability criterion. The control effects of the designed controller and
sliding mode controller based on exponential reaching law were compared by simulation, and the
experimental results were verified by the magnetic bearing control hardware experimental platform.

2. Model of the AMB

The structure of AMB used in this paper is shown in Figure 1 and is mainly composed of stator
core, electromagnetic coil, and rotor. The eight magnetic poles of the stator core are divided into four
groups according to the different magnetic line paths. The electromagnetic force F1—F4 in the four
directions can be adjusted by controlling the corresponding electromagnetic coil current, as shown in
Figure 1, so as to realize stable suspension of the rotor.

In order to obtain the model of the AMB, the magnetic circuit of the AMB was analyzed.
Considering that the magnetic induction intensity of the AMB is small and the core will not be
saturated, the magnetic resistance in the iron core is ignored. The electromagnetic force of a single pole
can be calculated by the virtual displacement method:

)

where pg is vacuum permeability, N is coil turns, S is pole area, i is current in coil, 6 is air gap size, B is
magnetic flux density, and H is magnetic field intensity.
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Figure 1. Structure of the active magnetic bearing (AMB): (1) coil; (2) stator core; (3) magnetic line of
force; (4) rotor.

Because the angle between the magnetic poles 0 is small, i.e., x = 0, the relationship between the
magnetic force on one side of the magnetic bearing and the displacement x is obtained as follows:

poN2Si2

F =2F, cosB = 52

cos 6 (2)

Assuming that the upward force on the bearing is F; and the downward force is F5, the resultant
force on the bearing is F = F; — F;. In actual operation, the position deviation of the rotor is very small.
At the equilibrium point x = 0, i = i, Taylor expansion of Equation (2) is carried out, omitting the
second-order and above higher-order small quantities:

4u0N?S cos 02 411iN2S cos 0i
Fo H 0y 1 Ho Oi

3)
3 2
X0 *o

Considering the external gravity as an additional disturbing force, the rotor motion equation
under the action of electromagnetic force is considered:

mx = Kyx + Kji 4)

419N?S cos 9%

where Ky = —————is the force displacement coefficient and K; =

4119N?S cos Oig .
% is the force

0 0
current coefficient.

After Laplace transform of Equation (4), we can obtain
m52X(S) = KxX(s) + Kil(s) 5)

where I(s) is the control current and X, is the output displacement.
It can be obtained that the model of the AMB analyzed in this paper is as follows:

HEET HEEL ©

Considering that the coil current of AMB needs to have fast dynamic response performance
and provide enough high bearing capacity, the coil turns and stable point current were designed.
The specific structural parameters of the AMB designed in this paper are shown in Table 1.
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Table 1. Design parameters of magnetic bearing.

Parameters Designed Value
Coil turns 150
Number of poles 8
Stator out diameter 120 mm
Rotor out diameter 50 mm
Air gap length 1.4 mm

Magnetic pole area 129 mm?
Magnetic pole angle 22°

By substituting the structural parameters of the AMB into Equation (6), the specific model of the
designed bearing can be obtained, as shown in Equation (7).

[ i ]_[ 142(317.7 (1) H ﬁ ]+[ 19(.)95 ][i] @)

3. Sliding Mode Control for the AMB

3.1. Principle of Sliding Mode Control and Chattering Problem

Sliding mode control is a kind of variable structure control algorithm. The fundamental difference
between sliding mode control and conventional control strategy is the discontinuity of its control;
that is, the output of the controller changes with time and presents switching characteristics. Since
sliding mode is independent of system parameters and disturbances, the system in sliding mode has
strong robustness [16].

Set the control system as

xeR"ueR" teR (8)

by solving the control function

)

. {u*(x) s(x) >0
u (x) s(x)<0

When u*(x) # u~(x), the sliding mode exists, and all the system state points except s = 0 reach the
sliding surface in finite time.

Sliding mode control makes the system state point run in a small amplitude and high-frequency
sliding mode along the prescribed state trajectory. When the trajectory of the system reaches the
switching surface, its velocity is not zero. Therefore, the inertia makes the moving point cross the
sliding surface s = 0 and move repeatedly, which will cause a chattering problem.

The existence of chattering will affect the stability of the control system and even lead to system
oscillation, instability, and other serious consequences. It is necessary to optimize the traditional sliding
mode control to reduce or even eliminate the chattering problem. The commonly used methods to
suppress chattering include quasi-sliding mode method, filtering method, and higher-order sliding
mode method [17,18]. The higher-order sliding mode is improved on the basis of the traditional sliding
mode, which makes the r-order sliding surface converge in finite time. Therefore, the higher-order
sliding mode control can not only keep the advantages of simple and strong robustness of the
traditional sliding mode control but also greatly reduce the chattering of the system and improve the
control accuracy.

3.2. Design and Stability Analysis of Second-Order Sliding Mode Controller

The second-order sliding mode control algorithm belongs to the higher-order sliding mode control
algorithm. The goal is to design the control law so that the sliding mode variable s and the first
derivative of the sliding mode variable can converge in finite time. Firstly, the sliding mode variable
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s = x — c is taken, where x is the actual position of the rotor and c is the given position of the rotor.
According to the model of AMB, the control input u directly affects the sign and size of 5, as shown
in Equation (7). Therefore, the design of the control law can be completed by finding the switching
logic that depends on s and s and ensuring that the state of the system converges to the sliding surface
s = 0,s = 0 in a finite time [19,20].

To prove the stability of the controller, the Lyapunov function should first be constructed as follows:

V(r) = =S5 S (10)

The derivation of Equation (10) is carried out, and the Lyapunov function always satisfies the
following conditions:
Vi =s5<0 (11)

Then, the state point of the system can be guaranteed to reach the sliding surface finally.

In this paper, based on the model of AMB, according to the stability requirements of Lyapunov,
a second-order sliding mode controller for the control of magnetic bearing is designed by introducing
the first derivative information of sliding mode variable s:

u:—&(s—i—c)—kul—/\zé (12)
K;
| Aqsgns sfsgnsdt <0
= { 0 sf sgnsdt > 0 (13)

The basic design idea is that the A,s part of the control law is formed by introducing the derivative
information of the sliding mode variable s. The influence of the derivative of the sliding mode variable
s on the output of the controller can be adjusted by changing the size of the A, parameter, and the
anti-interference ability of the system and the stability requirements of the system can be achieved by
introducing the A;sgns part of the control law.

In order to prove the convergence of the algorithm, a positive definite function is constructed
according to the Lyapunov stability criterion:

1
u, = Es2 >0 (14)

By deriving the function, we can obtain

U, =ss = (x—c)(jc—O):s-f%x—}-%udt
:s-{ %er%[—%(erc) +u1—)\2é]dt} (15)
=s- (5% [ u1 — Agsdt) < —Ap1is? <0

Similarly, by constructing a positive definite function for s and deriving it, we can obtain

U =3 = (k- 0)(i-0) =s- (5xx + u)
:é-{%x+ %[—%(s+c)+u1—/\zs’]} (16)
=5+ — A23)]

For the stability analysis of s, there are two cases:
(1) When sf sgnsdt < 0,
: -[K; .
U, =55 = s[%(/\lsgns - Azs)] 17)
= Aléé -sgns — Ap5" <0
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(2) When s [ sgnsdt > 0,
Uy =58 = s[j(—)\zs)] <0 (18)

It is proved that the sliding mode variable s = x — ¢ of the designed controller converges in the
finite time, and the output characteristics of the controller meet the requirements of the operation
stability of AMB.

The second-order sliding mode controller sets the Kx and K; parameters of the controller according
to the model of AMB and adjusts the performance of the controller by adjusting the parameters of A;
and A,. The larger the parameter A is, the stronger the anti-interference ability of the system will be.
However, if the parameter A; is too large, it will affect the static stability of the system. The influence
of s on the output of the controller is adjusted by changing the size of A, parameter. The larger A, is,
the stronger the feedback effect of s will be, which is beneficial to the stability of the system but may
reduce the dynamic response performance of the system.

4. Modeling and Simulation of Control System

4.1. Establishment of Simulation Model

Based on the model of AMB, the sliding mode control algorithm was programmed, and the
control disturbance and sensor disturbance were added. At the initial moment, the rotor does not float
yet. The initial position of the rotor of the magnetic bearing was set to —1.4 mm, and the given rotor
position was 0 mm. The simulation model of AMB under the second-order sliding mode control was
obtained as shown in Figure 2.

» Control Disturbance

D R $
At
Given Rotor Position ) Differentiator c » Eq, (1 2) ool Tmit Eq' (7)
ontrol Limi

.
- 1 |_Sgns Second Order Sliding Mode Active Magnetic Bearing
s

Sign Integrator

Actual Position of Rotor

Sensor Disturbance

Control Disturbance

~ Au
At
A »
Given Rotor Position Differentiator E q. ( 1 2)

- Active Magnetic Bearing
— 1 Second Order Sliding Mode
. S

Eq.(7) ]

Actual Position of Rotor

Control Limit
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Figure 2. Simulation model of second-order sliding mode control for AMB.

In order to satisfy the stability of the controller, Equations (13), (15), and (16) should be satisfied.
Therefore, in order to ensure that the controller can meet the Lyapunov stability criterion, the following
equation should be satisfied:

Al , A >0 (19)
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Theoretically, since the parameter A; controls the size of the switching control term sgns, a greater
A1 value results in a stronger anti-interference ability of the system. The parameter A, controls the
magnitude of the first derivative of the sliding mode variable, so the chattering of the controller is
limited. However, the fast response performance of the system will be affected. Generally speaking,
as long as the selected parameters satisfy Equation (19), then the system can eventually be stable. In the
process of simulation, three levels of parameter values were selected first: A; = 0.001, 0.01, and 0.1 and
Ay =1,10, and 100. Combining these parameters, a group of fast response and small overshoot was
selected, namely A1 = 0.001 and A, = 10. After minor adjustment, the final selected parameters were
obtained, as shown in Table 2.

Table 2. Parameters of second-order sliding mode controller.

Parameters Symbol Value
Force-displacement coefficient Kx 4929.7
Force-current coefficient K; 6.9016
Parameterl M 0.001
Parameter2 Ao 18

The design of a sliding mode controller based on reaching law is the basic method for designing a
first-order sliding mode controller. The exponential reaching law is a common form, and its structure is
s = —esgn(s) — ks, where ¢ is the constant reaching gain and k is the exponential gain. The exponential
reaching law is divided into two parts: pure exponential reaching term s = —ks and constant reaching
term s = —esgn(s). The simulation model of a sliding mode controller based on exponential reaching
law is shown in Figure 3.

o}

Given Rotor Position

Xx = Ax +Bu o[
y=Cx+Du

Actual Position of Rotor

P x

Exponential Reaching Law Active Magnetic Bearing

+< Sensor Disturbance
LW

Figure 3. Simulation model of sliding mode control based on exponential reaching law.

When selecting parameters ¢ and k, we should consider the reaching speed and the chattering
of sliding mode motion. When the value of ¢ is too large, the chattering near the switching surface
will be very large. When ¢ is too small, the reaching speed will be very slow and will not reach the
stable point. For the selection of k value, if the selection is too small, the approaching speed of the
system will be slower in the case of interference. When the k value is too high, the overall dynamic
performance of the system will be poor. Therefore, in general, selecting a smaller value of ¢ and a larger
value of k can achieve fast reaching and eliminate chattering. We selected three levels of parameters:
€=10.01,0.1, 1 and k = 10, 100, 1000. By combining the three levels of parameters, the control effect of
the controller under different control parameters was obtained. The optimal parameter combination
of £ = 0.1 and k = 100 was selected. The final parameters were obtained by adjusting the parameters
slightly. The controller parameters selected in this paper are shown in Table 3.
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Table 3. Parameters of exponential reaching law for sliding mode controller.

Parameters Symbol Value
Constant reaching gain € 0.3
Exponential reaching gain k 100

4.2. Comparison of Simulation Results

Both the exponential reaching law for sliding mode controller and the second-order sliding mode
controller can realize the stability control of the AMB in Figure 4a. The rotor of the bearing quickly
adjusted from the initial —1.4 mm to the fixed position and remained stable. The second-order sliding
mode controller had 2.75% overshoot. Its stability time was 0.024 s, representing a 29.4% decrease
when compared with the 0.034 s stability time of the exponential reaching law sliding mode control
law. An enlarged view of the rotor position trajectory of 0.193-0.1936 s is shown in Figure 4b. It can
be seen that in the final stable stage, the exponential reaching law for sliding mode controller had a
chattering phenomenon. This was due to the fact that the first derivative of the sliding mode variable
of the exponential reaching law did not converge in the reaching stage, and there was still a velocity
across the sliding surface. The second-order sliding mode controller converged to the sliding surface,
which can greatly reduce the chattering phenomenon.

02 - 0.00002

1

-02 - 0.00000

-0.00002 |-

Rotor position (mm)
S
T
Rotor position (mm)

-1.0 -0.00004

Second Order Sliding Mode
Exponential Reaching Law

Second Order Sliding Mode
Exponential Reaching Law

14 1 1 L ) -0.00006
0.00 0.05 0.10 0.15 0.20 0.1

Time (s) Time (s)

(a) (b)

Figure 4. Rotor position of exponential reaching law for sliding mode controller and second-order

" 1 | N 1 1 1 1
930 0.1931 0.1932 0.1933 0.1934 0.1935 0.1936

sliding mode controller: (a) global curve; (b) locally amplified curve (time: 0.193-0.1936 s).

Under the action of exponential reaching law for sliding mode controller, the phase trajectory
of sliding mode variable s is shown in Figure 5a. Here, “ds” is the first derivative of sliding mode
variable, i.e., s. The initial speed of pure exponential reaching term s = —ks was very large in the
process of reaching motion and gradually decreased, thus greatly shortening the system stability
time, and the speed was not too fast when reaching the stable point. The constant reaching term
s = —esgn(s) ensured that the velocity of the system near the sliding surface was not zero, and the
system could converge in finite time. Therefore, in the final stable stage, the sliding mode variable s
had high-frequency chattering, as shown in Figure 5b.
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Figure 5. Sliding mode variable phase trajectory of exponential reaching law for sliding mode controller:
(a) global curve; (b) locally amplified curve.

In Figure 6, “ds” is the first derivative of sliding mode variable, i.e., 5. It can be seen that the
phase trajectory of sliding mode variable s converges smoothly to (0,0) point in Figure 6a; that is,
the second-order sliding mode controller constrains the sliding mode variable s to the zero point while
constraining the first-order variable s to the zero point. There was no chattering phenomenon during
the rotor position adjustment of the AMB. This was because the design goal of the second-order sliding
mode controller was to make the system converge to the sliding surface S = {x € X‘s =§=-5"1= 0}.
Therefore, the velocity of sliding mode variable converged to zero after the system was stable so that
chattering could be eliminated while the output followed the given value.

0.0002 4

0.16
0.14 - 0.0001
012 f
0.0000 -
010 |
-0.0001 -
0.08 |
v
B o006l ™ -0.0002
004 | -0.0003
002 |
-0.0004
0.00 |
-0.0005 T T T T T T 1
002 L | L I L I L L ) )
-0.0016 00014 -0.0012 -0.0010 -0.0008 -0.0006 -0.0004 -0.0002 0.0000 0.0002 ~0.0000012 -0.0000010 -0.0000008 -0.0000006 -0.0000004 -0.0000002 0.00000000.0000002
s s
(a) (b)

Figure 6. Sliding mode variable phase trajectory of second-order sliding mode controller: (a) global
curve; (b) locally amplified curve.

5. Experimental Verification

5.1. Establishment of Experimental Platform

The experimental platform of AMB control mainly included two parts: hardware system and
software system. The hardware system consisted of AMB, displacement sensor, signal processing
circuit, digital signal processor (DSP) controller, and switching power amplifier. The software system
mainly refers to the programs running in the controller, including digital filter program, control
algorithm program, and pulse-width modulation (PWM) output control program. The software system
needs to sample the rotor position through the Active Directory (AD) interface of the controller and
provide the switching signal of the power amplifier through the PWM output module to realize
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the stable operation of the AMB. In order to ensure the safe operation of the DSP controller, there
was an optocoupler isolated driving link between the controller and the switching power amplifier.
The experimental platform structure is shown in Figure 7.

|
AD

| < | igital fitter I<“:l Sigmli'::?lff ssing <}:I Dis';t':;'?em
| | Active

Control magnetic
| algorithm | PWM bearing
| |:> PWM ||:> Optocoupler :> Switching power :>
| module isolation drive amplifier

Figure 7. Structure of AMB experimental platform.

The electromagnetic force of AMB is produced by the coil, and the output characteristic of
electromagnetic force is determined by the output performance of power amplifier. The current in
the coil on each side of AMB is controlled by a switching power amplifier. The structure of switching
power amplifier is shown in Figure 8.

s @

VAN

Figure 8. Switching power amplifier.

Here, U is DC power supply, S is MOSFET, and D is power diode; series resistor R and inductor L
are used instead of coils.

When the S is on, the current flowing through the coil rises; when the S is turned off, the current on
the coil is free-flowing through the power diode D. As the coil consumes energy, the current gradually
decreases. The current on the coil can be controlled by the PWM control signal of the DSP controller.

In order to verify the control performance of the second-order sliding mode controller and
exponential reaching law for sliding mode controller, the experimental hardware platform of the AMB
control system was built. The hardware platform of the AMB and its controller are shown in Figure 9.

The voltage signal of the displacement sensor was filtered by the signal processing circuit and
then sent to the DSP controller. The control algorithm was realized in the DSP controller. The switching
signal of the switching power amplifier was generated by the PWM module of the DSP controller.
In order to ensure the safe operation of the DSP controller, the optocoupler isolation circuit was used
as the driver of the switching power amplifier.
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Signal processing circuit | - Swilchmg ]
of displacement sensor s ™ power amplifier

Figure 9. Experimental platform of the AMB control: hardware platform of the AMB (left) and
controller (right).

5.2. Starting Process

When the AMB was powered on and started, it can be seen from Figure 10a that under the action
of exponential reaching law for sliding mode controller, the current of coil rose to 2.5 A after being
electrified, lasted for 0.1 s, and then gradually stabilized to 1.5 A. In the process of current rising, there
was a big fluctuation. The voltage of the displacement sensor decreased from 2.5 V to about 1.64 V
when the current of coil rose. Similarly, in Figure 10b, under the action of the second-order sliding
mode controller, after the AMB was powered on, the current of the coil rose to the maximum value,
about 2.5 A, lasted for about 0.05 s, and then gradually decreased to the stable state, about 1.5 A. At the
same time, the voltage of the displacement sensor gradually dropped to about 1.65 V. In the whole
starting process, the current fluctuation of the coil and the voltage fluctuation of the displacement
sensor were less than those of the exponential reaching law for sliding mode controller.

5 5
4 4
3+ 3k

Displacement (mm)
Bearing Coil Current (A)

Displacement (mm)
Bearing Coil Current (A)

1 1 1 I | 1 1 1 I J
0.0 0.1 0.2 03 04 0.5 0.0 0.1 0.2 0.3 0.4 0.5

Time (s) Time (s)

(a) (b)

Figure 10. Rotor position and coil current during starting process: (a) exponential reaching law for
sliding mode control; (b) second-order sliding mode control.

5.3. Stable Stage

When the AMB was stable, the voltage signal of the horizontal X direction sensor was stable at about
1.8 V, while the vertical Y direction sensor was about 1.65 V under the action of exponential reaching
law for sliding mode controller. According to the waveform of the steady-state displacement sensor in
Figure 11b, the AMB could operate stably under the second-order sliding mode control; the sensor
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voltage in X direction was about 1.82 V, and that in Y direction was about 1.65 V. Moreover, the ripple
size was obviously less than that seen for the exponential reaching law for sliding mode controller.

Sr 5~
4 WV\AN\/VV\WVV\MMM/\/‘ A R AN A A AN A A
MWAANANNANM AN NNANAANAS MNAAANAAANAAANANAAANAAAANANAAN
~ —~
g g
E sr E 3t
E £
g £
g 2 g 2r
2 2
z &
A Aa
1+ 1+
Vertical Direction Vertical Direction
Horizontal Direction Horizontal Direction
0 1 1 1 1 1 L | 0 | | | | | 1 |
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Time (s) Time (s)
(a) (b)

Figure 11. Rotor position signal of stable stage: (a) exponential reaching law for sliding mode control;
(b) second-order sliding mode control.

It can be seen in Figure 12a that the voltage variation range corresponding to the rotor axis
trajectory under exponential reaching law for sliding mode control was basically limited to 0.24 V.
As shown in Figure 12b, the fluctuation range of the shaft center trajectory under the second-order
sliding mode control was obviously smaller than that of the exponential reaching law for sliding mode
controller, and the voltage corresponding to the shaft orbit was limited to 0.14 V, which means that the
rotor was more stable under the action of the second-order sliding mode controller.

385 3.85
380 3.80
3.70

3.70

3.65 - 3.65 |-

3.60 3.60 -

Vertical Direction Displacement (mm)
Vertical Direction Displacement (mm)

3.50 1 1 1 1 1 1 1 3.50 1 1 1 1 1 1 1
3.80 3.85 3.90 395 4.00 4.05 4.10 3.80 3.85 3.90 395 4.00 4.05 4.10

Horizontal Direction Displacement (mm) Horizontal Direction Displacement (mm)

(a) (b)

Figure 12. Rotor axial trajectory: (a) exponential reaching law for sliding mode control; (b) second-order
sliding mode control.

The voltage of the displacement sensor was transformed into the actual position of the rotor, and
the experimental results of the two controllers were compared. The designed second-order sliding
mode controller could stabilize the AMB and was superior to the traditional exponential reaching law
for sliding mode controller in terms of stability time and rotor position fluctuation, as shown in Table 4.
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Table 4. Comparison of experimental results.

Controller Stabilization Time Trajectory Range
Exponential Reaching Law 0.1s 0.397 mm
Second-Order Sliding Mode 0.05s 0.232 mm

6. Conclusions

In this paper, the second-order sliding mode controller was designed according to the magnetic
bearing control model by introducing the second-order sliding mode control algorithm. The simulation
analysis and experimental verification of the second-order sliding mode controller and exponential
reaching law for sliding mode controller were carried out. The conclusions are as follows:

(1) The simulation results show that the second-order sliding mode controller has no high-frequency
chattering phenomenon in the stable stage of AMB. Finally, the velocity of the sliding mode
variable converges to zero, and its phase trajectory converges to zero in spiral form.

(2) The experimental results show that the second-order sliding mode controller can achieve the
stability control of AMB, and compared with the exponential reaching law for sliding mode
controller, the stability time of the magnetic bearing is shortened by 50%, and the axis trajectory
range is reduced by 41.5%.

From the above, it can be concluded that the designed second-order sliding mode controller has a
better control effect. The establishment of the proposed controller is based on the linearized model of
the magnetic bearing near the balance position, and the performance of the AMB may not be in an
optimal state when the working state of the AMB can be easily changed, such as in high-speed rotation
or under heavy load impact.

Author Contributions: Conceptualization, X.W.; data curation, P.G.; formal analysis, Y.Z.; methodology, X.W.;
project administration, X.W.; software, Y.Z.; supervision, P.G.; writing—original draft, XW., Y.Z. and P.G;
writing—review & editing, X.W. and Y.Z. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Schweitzer, G.; Maslen, E.-H. Magnetic Bearings: Theory, Design, and Application to Rotating Machinery;
Springer: New York, NY, USA, 2009.

2. Knospe, C.R. Active magnetic bearings for machining applications. Control Eng. Pract. 2007, 15, 307-313.
[CrossRef]

3. Vischer, D.; Bleuler, H. Self-sensing active magnetic levitation. IEEE Trans. Magn. 1993, 29, 1276-1281.
[CrossRef]

4. Noshadi, A.; Shi, J.; Lee, W.S,; Shi, P,; Kalam, A. System Identification and Robust Control of Multi-Input
Multi-Output Active Magnetic Bearing Systems. IEEE Trans. Control. Syst. Technol. 2015, 24, 1227-1239.
[CrossRef]

5. Incremona, G.P.; Rubagotti, M.; Ferrara, A. Sliding Mode Control of Constrained Nonlinear Systems.
IEEE Trans. Autom. Control. 2017, 62, 2965-2972. [CrossRef]

6. Henzel, M.; Mazurek, P. The analysis of the control system of the active magnetic bearing. Electrodyn.
Mechatron. Syst. 2011, 53-58. [CrossRef]

7. Wajnert, D.; Zimon, J. Control system design for active magnetic bearing. In Proceedings of the 2009 2nd
International Students Conference on Electrodynamic and Mechatronics, Opole, Poland, 19-21 May 2009;
pp- 35-36.

8. Su, T.-].; Kuo, W.-P; Giap, V.-N.; Vu, H.Q.; Nguyen, Q.-D. Active Magnetic Bearing System Using PID-surface
Sliding Mode Control. In Proceedings of the 2016 Third International Conference on Computing Measurement
Control and Sensor Network (CMCSN), Matsue, Japan, 20-22 May 2016.


http://dx.doi.org/10.1016/j.conengprac.2005.12.002
http://dx.doi.org/10.1109/20.250632
http://dx.doi.org/10.1109/TCST.2015.2480009
http://dx.doi.org/10.1109/TAC.2016.2605043
http://dx.doi.org/10.1109/sce.2011.6092124

Energies 2020, 13, 5965 14 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Zad, H.S.; Khan, T.I; Lazoglu, I. Design and Adaptive Sliding-Mode Control of Hybrid Magnetic Bearings.
IEEE Trans. Ind. Electron. 2017, 65, 2537-2547. [CrossRef]

Cao, Z.; Dong, J.; Wani, F; Polinder, H.; Bauer, P; Peng, F.; Huang, Y. Sliding Mode Control with Neural
Network for Active Magnetic Bearing System. In Proceedings of the IECON 2019-45th Annual Conference
of the IEEE Industrial Electronics Society, Lisbon, Portugal, 14-17 October 2019; Institute of Electrical and
Electronics Engineers (IEEE): Piscataway, NJ, USA, 2019.

Geng, X.; Zhu, C. Sliding Mode Control Based on Linear Quadratic Regulator for an Active Magnetic Bearing
Flexible Rotor Virtual Collocated System. In Proceedings of the 2019 22nd International Conference on
Electrical Machines and Systems (ICEMS), Harbin, China, 11-14 August 2019; Institute of Electrical and
Electronics Engineers (IEEE): Piscataway, NJ, USA, 2019.

Levant, A.; Dvir, Y. Accelerated High-Order MIMO Sliding Mode control. In Proceedings of the 2014 13th
International Workshop on Variable Structure Systems (VSS), Nantes, France, 29 June-2 July 2014; pp. 1-6.
[CrossRef]

Bartoszewicz, A.; Lesniewski, P. New Switching and Nonswitching Type Reaching Laws for SMC of Discrete
Time Systems. IEEE Trans. Control. Syst. Technol. 2015, 24, 670-677. [CrossRef]

Levant, A.; Shustin, B. Quasi-Continuous MIMO Sliding-Mode Control. IEEE Trans. Autom. Control. 2018,
63, 3068-3074. [CrossRef]

Goyal, ] K.; Kamal, S.; Patel, R.B.; Yu, X.; Mishra, ].P.; Ghosh, S. Higher Order Sliding Mode Control-Based
Finite-Time Constrained Stabilization. IEEE Trans. Circuits Syst. II Express Briefs 2020, 67, 295-299. [CrossRef]
Zhang, X.; Su, H.; Lu, R. Second-Order Integral Sliding Mode Control for Uncertain Systems With Control
Input Time Delay Based on Singular Perturbation Approach. IEEE Trans. Autom. Control. 2015, 60, 3095-3100.
[CrossRef]

Utkin, V. Discussion Aspects of High-Order Sliding Mode Control. IEEE Trans. Autom. Control. 2015, 61,
829-833. [CrossRef]

Li, Z.; Zhou, S.; Xiao, Y.; Wang, L. Sensorless Vector Control of Permanent Magnet Synchronous Linear
Motor Based on Self-Adaptive Super-Twisting Sliding Mode Controller. IEEE Access 2019, 7, 44998-45011.
[CrossRef]

Shah, I.; Rehman, F.U. Smooth Second Order Sliding Mode Control of a Class of Underactuated Mechanical
Systems. IEEE Access 2018, 6, 7759-7771. [CrossRef]

Kandil, M.S.; Micheau, P; Trovao, J.P.; Bakay, L.S.; Dubois, M.R. Hybrid Magnetic Bearing Regulation via
Super Twisting Control. In Proceedings of the 2015 15th International Conference on Control, Automation and
Systems (ICCAS), Busan, Korea, 13-16 October 2015.

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1109/tie.2017.2739682
http://dx.doi.org/10.1109/vss.2014.6881095
http://dx.doi.org/10.1109/TCST.2015.2440175
http://dx.doi.org/10.1109/TAC.2017.2778251
http://dx.doi.org/10.1109/TCSII.2019.2903495
http://dx.doi.org/10.1109/TAC.2015.2411991
http://dx.doi.org/10.1109/TAC.2015.2450571
http://dx.doi.org/10.1109/ACCESS.2019.2909308
http://dx.doi.org/10.1109/ACCESS.2018.2806568
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Model of the AMB 
	Sliding Mode Control for the AMB 
	Principle of Sliding Mode Control and Chattering Problem 
	Design and Stability Analysis of Second-Order Sliding Mode Controller 

	Modeling and Simulation of Control System 
	Establishment of Simulation Model 
	Comparison of Simulation Results 

	Experimental Verification 
	Establishment of Experimental Platform 
	Starting Process 
	Stable Stage 

	Conclusions 
	References

