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ABSTRACT: To improve the coupling problem between radial degrees of freedom in six-pole axialradial active magnetic (AR-AMB), a
decoupling control method based on an improved linear active disturbance rejection decoupling control strategy optimized by the least
square support vector machine (LSSVM-ILADRC) is proposed. Firstly, the structure and working principle of the six-pole AR-AMB are
introduced, and the mathematical model of suspension force is derived. Secondly, cascaded linear extended state observers (LESOs) are
used to estimate the disturbance in degrees of freedom step by step, with LESO1 providing an initial estimate of the total disturbance,
and LESO2 estimating and compensating for the difference between the initial estimate and the actual disturbance. The regression
prediction function of LSSVM is employed to enhance the response speed and estimation accuracy of the LESO to the disturbance. Finally,
the simulation and experimental research show that the proposed LSSVM-ILADRC decoupling control method has better decoupling
performance and anti-interference performance than the ILADRC decoupling control method.

1. INTRODUCTION

s the core component of computer numerical control

(CNC) machine tools, motorized spindle uses bearings
to support the rotor. The appearance of magnetic bearings
improves the friction, pollution, and other problems caused
by the contact between the stator and rotor, which have
many advantages, such as no contact, no lubrication, and no
wear [1,2]. At present, magnetic bearings have been widely
used in turbo molecular pumps, aerospace, flywheel energy
storage, and other fields [3—5]. Three-pole magnetic bearings
driven by the inverter effectively solve the problems of high
cost and large volume caused by the DC amplifier of four-pole
and eight-pole magnetic bearings. However, to improve the
nonlinear relationship between the suspension force and cur-
rent of three-pole magnetic bearings, and further improve the
bearing capacity and space utilization rate, six-pole axial-radial
active magnetic bearing (AR-AMB) is proposed [6—8].

The quality of the control method directly affects the over-
all performance of the magnetic bearing system, such as slid-
ing mode control [9], adaptive control [10], and model pre-
dictive control [11]. Six-pole AR-AMB is a nonlinear and
strongly coupled system. To obtain high control accuracy and
good dynamic and static performance, the study of its decou-
pling control is essential. In [12], a state feedback decoupling
control strategy for an AMB high-speed flywheel rotor sys-
tem is presented. It is easier to design various controllers and
achieve both good control performance and good internal sta-
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bility. In [13], an active disturbance rejection control strategy
(ADRC) based on a back propagation (BP) neural network is
put forward. The method has strong robustness and adaptability
to the uncertainty of the magnetic bearing model and the vari-
ation of external disturbance. In [14], a dynamic decoupling
control method based on neural network inverse system theory
is adopted. The advantages of this method are strong robustness
and high adaptability, and the results show that the whole con-
trol system has better dynamic and static performance. How-
ever, the neural network is prone to local optimization; there
is a transition fit; and large-scale data sets lead to a long train-
ing time. In [15], a decoupling control strategy is proposed that
combines the inverse system method with internal model con-
trol. The stability and robustness problems induced by current-
mode linearization have been successfully solved. Simulated
and experimental results demonstrate that the proposed strat-
egy has high decoupling precision and strong robustness per-
formances. However, this control method relies on the pre-
cise mathematical model of the controlled object, especially for
complex systems, and the internal model control design is com-
plex. In [16], an active disturbance rejection control (ADRC)
strategy is adopted to suppress model errors effectively caused
by the linearized model and has strong adaptability and robust-
ness. The simulation results show that the system has good dy-
namic and static performance. Its biggest feature is that it does
not rely on the precise mathematical model of the controlled
object and has strong anti-interference ability.

However, traditional ADRC suffers from several drawbacks,
including a significant number of parameters that are often chal-
lenging to adjust. Additionally, its disturbance tracking speed
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FIGURE 1. The structure of the six-pole AR-AMB (1) Axial stator. (2) Axial coils. (3) Radial stator. (4) Radial coils. (5) Rotor. (6) Magnetic

insulation aluminum ring. (7) Sleeve.
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FIGURE 2. The magnetic circuit of the six-pole AR-AMB.

and accuracy are limited, posing a challenge for achieving op-
timal performance. Given these limitations, enhancing the tra-
ditional ADRC becomes highly necessary. In [17], a controller
that integrates repetitive control with linear ADRC (LADRC)
is proposed. This innovative approach aims to maintain the dy-
namic response of the system while effectively eliminating pe-
riodic disturbances caused by rotor vibrations. Nevertheless,
the design of a repetitive controller can be intricate and com-
putationally intensive, thus posing its own set of challenges.
In [18], a LADRC/nonlinear ADRC (NLADRC) switching
control scheme combining the advantages of LADRC and
NLADRC is proposed, which can improve the tracking accu-
racy of disturbance, and the stability characteristics of the de-
sign are analyzed. However, this kind of switching control
makes parameter adjustment more difficult and puts higher re-
quirements on the extended state observer (ESO). In [19], an
improved LADRC is proposed, which has good position track-
ing performance by designing a two-stage cascade linear ESO
(LESO). However, the above improved LADRC robustness
and anti-interference performance are at the expense of fast re-
sponse, so the dynamic response speed of the system will be
reduced. Least squares support vector machine (LSSVM) fol-
lows the principle of structural risk minimization and has high
training speed and good fitting ability which is used to optimize
the ADRC to bring the possibility of decoupling of the magnetic
bearing system [20].

In this paper, the decoupling control of the six-pole AR-
AMB is proposed through the application of the LSSVM-
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ILADRC. In Section 2, the working principle of the six-pole
AR-AMB is thoroughly analyzed, and its mathematical model
is subsequently derived. In Section 3, the key parameters
of the LESO are determined based on the cascaded form of
the ILADRC, and a decoupling controller optimized by the
LSSVM algorithm is meticulously designed. In Sections 4 and
5, the feasibility and superiority of the proposed method are ver-
ified through simulations and experiments, with comparisons
made to the decoupling control strategy based on ILADRC.

2. OPERATION PRINCIPLE AND MATHEMATICAL
MODEL OF THE SIX-POLE AR-AMB

2.1. Operation Principle of the Six-Pole AR-AMB

The 3D structure of the six-pole AR-AMB is shown in Fig. 1,
which is primarily composed of an axial stator, radial coils, a
radial stator, axial coils, a rotor, a magnetic isolation aluminum
ring, and a sleeve. The axial coils are securely affixed in the
middle of the sleeves by a wire clamp and are operated by a
switching power amplifier. Two radial coils, opposing each
other and sharing the same winding direction, are joined in se-
ries, forming a single phase, which results in three phases for
the six poles. These three phases of the six-pole configuration
are connected in a star formation and are powered by a three-
phase power inverter. The six magnetic poles, designated as
Al, A2, BI1, B2, Cl1, and C2, are separated from the outer wall
of the rotor by an air gap measuring 0.5 mm. The magnetic cir-
cuit of the six-pole AR-AMB is illustrated in Fig. 2.
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FIGURE 3. Equivalent magnetic circuit of six-pole AR-AMB.

The axial bias magnetic flux flow generated by the axial coils
is the dotted line with an arrow, forming a loop among the
sleeve, axial stator, axial air gap, rotor, radial air gap, and ra-
dial stator. The radial control flux magnetic flow generated by
the radial coils is the solid line with an arrow, forming a loop
among the radial stator, radial air gap, rotor, and radial air gap.
When the rotor is in the equilibrium position, the air gap around
the rotor is uniform, and only the axial bias coils are energized
to generate the bias magnetic flux to overcome the gravity of
the rotor. In the radial direction, if the rotor is disturbed in the
Al direction and the air gap in this direction reduced, a negative
control current is applied to the A-phase coils, causing the bias
magnetic flux in the A2 direction air gap to be superimposed
with the control magnetic flux, and the bias magnetic flux in
the A1 direction air gap is offset against the control magnetic
flux, thus generating a suspension force along direction A2 to
pull the rotor back to the equilibrium position.

The design requirements for the six-pole AR-AMB are a ra-
dial suspension force of 200 N and an axial suspension force
of 250N. Generally, increasing the current can increase the
suspension force, but as the control current reaches a certain
value, the magnetic induction intensity exceeds the saturation
magnetic induction intensity. At this time, the suspension force
will increase slowly, and the power consumption generated by
the current will increase sharply. At the same time, the nonlin-
ear relationship between the suspension force and the control
current will be strengthened. To ensure that the ferromagnetic
material operates in the linear region, a saturation magnetic in-
duction intensity of 0.8 T is set, and the final determination of
the current size is =1.25 A. The radial coil has 160 turns, and
the axial coil has 200 turns [21].

2.2. Dynamic Equation of the Six-Pole AR-AMB

In the given scenario, when the axial coil operates alone, an
equivalent magnetic circuit diagram as shown in Fig. 3 is ob-
tained. This diagram is derived from the magnetic flux flow
direction as illustrated in Fig. 1.

To solve this circuit, Kirchhoff’s current and voltage law is
applied. By doing so, we can determine the expressions for
magnetic flux in both the axial and radial air gaps, which are as

follows:

.= %N (io — i2) ,
B, = %Nz (G0 +i2)
D= SN, (g~ i)

%NZ (io +iz) + NpiaG ax
Do = (iilfgr N io — i)

gjfa N. (ig + i) — NyiaG az
Op = gffBéN (o =)

G.2Gp1 . ; j N

Gt Ve lio+ix) + NrinG
dpy = (iilfB(;r N (io = i2)

g;flg N (io +1iz) = NyiyG
Y= gva i

g;fCGl N. (io +iz) + NvieGen
o = G N o)

g;fCG? N (io +iz) = NricGez

where G, = Ga1 + Gas + Gp1 + Gpa + Go1 + Gea. N,
is the number of turns in the axial coils, and iy and 7, are the
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bias current and control current in the axial coils. z; and z5 are
right and left axial air gap magnetic fluxes. G,; and G5 are the
corresponding permeabilities. IV, is the number of turns in the
radial coils. i; (j = a, b, c) are the three-phase control current.
D1, P2 (kK = A, B, C) are the magnetic fluxes of the radial
air gap. Gy1 and G2 (kK = A, B, C) are the corresponding
permeabilities.

According to Newton’s second law, the dynamics equation
of the six-pole AR-AMB rotor is:

mi = F, — f,
mij=F, - f,
mz=F, - f,

.. . (2)
oy = ~1u(F, — f,) — J.98,

Jy0, = 1a(Fy — fu) + J.Q0,

where m represents the rotor mass. f;, fy, and f, denote the
external disturbance forces acting in the x, y, and z directions,
respectively. J, Jy, and J, are the moments of inertia gener-
ated by the rotor around the respective axes. Notably, J, and
Jy are equal to Jg. 2 represents the mechanical angular ve-
locity of the rotor rotating about the z-axis. ¢, and ¢, indicate
the rotation angles of the rotor around the x and y axes, respec-
tively. I, and [, signify the length of the six-pole AR-AMB and
the distance from the center of mass O to the auxiliary bearing.

From the relation between the variables, the dynamic equa-
tion is rewritten as:

m Ja Ja(la + lb)y
kir mi2 1 12
Bir (g Ma )y (2 pla) g,
(e ()
k mi? J, QI
j=— 14+ —2 I e 3)
Y m( Jd)y Jd(la+lb)x
kir mi2 1 12
_ ey a (L4 ta
kZ 1z 1
EP=—z+—i.— — [
m

3. DECOUPLING CONTROLLER OF THE SIX-POLE AR-
AMB

3.1. LSSVM Algorithm

The principle of LSSVM regression is to use the nonlinear map-
ping function ¢(x) to map the nonlinear regression of low-
dimensional input vectors to the linear identification of high-
dimensional eigenvectors. For a training sample with an n-
dimensional input vector x = [z1, 22, ..., ¥,]7 and corre-
sponding output vector y = [y1,%2, - - -, yn), the nonlinear
function expression is y(z) = wl¢(x) + b, where w is the
weight of the input vector, and b is the deviation quantity.

Based on the principle of structural risk minimization, the
optimization problem is defined as:

1 1 O
min J(w, e) = inw + 37 E e2
i=1 4)

sty =wlo(x) +b+e, i=1,2,...,n

where +y is the regularization parameter, and e is the difference
between the training result y; and the actual output y.
The Lagrange function is obtained:

L(w, b, e, ) = min J(w, e)—z ai (Who(z;) +b+e; —y;)
i=1
O]
where «; is a Lagrange multiplier.
The analytical solution of the optimization problem is ob-
tained by the Karush-Kuhn-Tucker (KK T) optimal condition.

0 Ir bl [0

where I, is the identity matrix; €2 is a diagonal matrix of nth or-
der; the diagonal elements are Gaussian kernel functions K (z;,
x), K (x4, ) = exp(—||z;x)||/20?; o is the width of kernel
functions.

The LSSVM regression prediction equation is as follows:

y(z) = Z%‘K (zi,x) +b @)
i=1

3.2. ILADRC Algorithm

The structure of ILADRC is mainly composed of linear state
error feedback (LSEF) and two cascaded LESOs. LESOI1 pre-
liminarily estimates the total disturbance to obtain the distur-
bance v3 of the system, which takes it as the known part and
feeds it back to LESO?2 in real time. LESO2 comprehensively
estimates the disturbance to obtain the total disturbance z3 of
the system, and the two cascaded LESOS jointly undertake the
estimation of the disturbance, which can effectively improve
the estimation accuracy of the disturbance.

Using linear weighted sum instead of nonlinear feedback, the
LSEF expression established in ILADRC is:

zZ3 (8)

where &, and k, are controller gains. k, = 8, kg = 0.004.
The established LESO1 expression is:

01 = v2 — hogiel
Uy = v3 — hozes + bou
)

U3 = —hgzey

€1 =01 —Y
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FIGURE 4. The block diagram of decoupling control of the six-pole AR-AMB.

where v; is the observed value of output y; vs is the differential
of v1; e7 is the observation error; by is the compensation factor;
u is the control quantity; hoi, ho2, and hgs are the gains of
LESO1; wy is the observer bandwidth, w = 495.

The established LESO2 expression is:

Z1 = 22 — Borez

Z9 = 23 + V3 — es + bou

-2 3+ v3 — Boze2 + bo (10)
Z3 = —fozez

€2 =21—Y

where By1, o2, and By are the gains of LESO2, By ~ hg1 =
3w, Boz &= hoz = 3w?, Bosz & hoz = w”.

According to the derived mathematical model of magnetic
bearings, the approximate expression of b is b = k.k;ks/m; k.
is the amplifier gain coefficient, k., = 0.1 A/V. k; is the force-
current stiffness coefficient, k; = 189.43 N/A. k; is the sensor
gain coefficient, k; = 8000 V/m, m = 2.8kg. Therefore, the

calculation gives b = 54122.86.

3.3. Decoupling Controller Based on LSSVM-ILADRC

The coupling between the radial degrees of freedom is seen as
an external disturbance of the system. The actual external dis-
turbance of the rotor in the axial and radial degrees of freedom
is considered an internal disturbance of the system. The sim-
plified equation of state expression substitutes the total distur-
bance on each degree of freedom.

I = k119g + k137 + w,
§ = koiiy + kagy + wy (11)

Z=ks12+ k3ai, +w,

where k11, k13, ko1, ko3, k31, and k3o are the coefficients in
front of the corresponding terms, respectively. w,, wy, and w,
represent the total disturbance on each degree of freedom, re-
spectively.

The six-pole AR-AMB system can be divided into three in-
dependent uncoupled second-order linear subsystems. Each of
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these subsystems is controlled by a single LSSVM-ILADRC.
The three LSSVM-ILADRCs use the same structure and al-
gorithm. By utilizing the LESO in ILADRC to estimate and
compensate for the total disturbance on each degree of free-
dom, the six-pole AR-AMB can be transformed from a strongly
coupled, nonlinear system to an uncoupled, linear system. The
corresponding block diagram of decoupling control is shown in
Fig. 4.

The block diagram of decoupling control based on LSSVM-
ILADRC in the z direction is shown in Fig. 5. Let’s take the
displacement control in the z direction as an example. To apply
LSSVM to ILADRC, we collect samples by taking the observed
value 21, and its differential z, of LESO2 to the actual dis-
placement of the rotor as input vectors and the predicted value
f of the disturbance as the corresponding output vector. We
then use the LSSVM model of Matlab to train the input sam-
ple z and output sample f. This helps us obtain the LSSVM
regression prediction model about the disturbance, which can
be obtained according to Equations (4)—(7).

The LSSVM regression prediction model predicts the distur-
bance value f according to the observation value 21, and its
differential zo,. f is added to the real-time observation value
23+ V3, Of the external disturbance of the LESO model and
compensated by 1/bg,, to obtain control quantity u,. In addi-
tion to being used as the input of the object, u, is also com-
pensated by by, and added to the predicted disturbance value f,
which is used as the input of the LESO model again to complete
real-time observation and adjustment of the disturbance. Opti-
mizing ILADRC by utilizing the characteristics of fast training
speed and more convenient determination of model parameters
of the LSSVM regression prediction model can effectively re-
duce the burden of LESO on disturbance observation and im-
prove observation accuracy. The corresponding optimization
process is shown in Fig. 6.

In the above LSSVM algorithm, the regularization param-
eter v and bandwidth o2 of the kernel function need to be
set to achieve an accurate regression model. Due to the ex-
istence of auxiliary bearings, the movement range of the ro-
tor is +0.25 mm, so the sinusoidal signal with a frequency of
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FIGURE 6. The flowchart of disturbance prediction based on LSSVM-ILADRC.

100 Hz and an amplitude of 0.25 mm is used as the excitation,
and the whole data acquisition process is carried out under the
PID closed-loop control system. In the sample collection pro-
cess of applying LSSVM to ILADRC, the observed value z;
and its differential zo of LESO2 to the actual displacement of
the rotor are taken as input vectors, and the predicted value f
of the disturbance is taken as the corresponding output vector.
80% of the collected sample data is used as training samples
to generate the LSSVM learning machine, and the remaining
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20% is used as test samples to verify the regression prediction
model. Root mean square error (RMSE) is used as the perfor-
mance index of the model evaluation, and its expression is as
follows:

1 & . D) -
F = {M Z [yreg (Z) - ytest (Z)] } (12)

WWwWw.jpier.org



Progress In Electromagnetics Research B, Vol. 106, 73-84, 2024

rPIER B

0.10 . -

0.05

0.00

-0.05

-0.10

displancement(mm)

B R e

-0.20 i i

ILADRC
—— LSSVM-ILADRC

0.06

0.08 0.10 0.12

time(s)

FIGURE 7. The response curves when the rotor suspend in the = direction.

where M is the total number of the samples in the test set;
Yreg () is the regression output of the i-th input 4.5, (7) in the
training sample; y;.5¢(7) is the i-th output of the test sample.
The sampling time is 1 s; the sampling accuracy is 1 ms; and
a total of 1000 input and output vectors are obtained. In order
to prevent ill-conditioned data in the calculation process and
improve the accuracy of the model, all samples are normalized:

X — mean (X)
X)=—FF77+—" 13
norm (.X) std (X) (13)
where norm(X) is the normalization result, and mean(X) and
std(X) are the mean and standard deviation of the input samples,
respectively.

4. SIMULATION TEST

The ILADRC optimized through LSSVM algorithms is thor-
oughly analyzed using MATLAB. The regularization parame-
ter -y is optimized within the range of [0, 1000] while the band-
width o2 of the kernel function is optimized within the range
of [0, 1].

4.1. Response Simulation

Due to the presence of auxiliary bearings, the remaining air gap
length is 0.25 mm, so the initial displacement of —0.2 mm is set
in the z direction, and no initial displacement is set in the y di-
rection. The response curves when the rotor suspends in the
direction are shown in Fig. 7. Compared with the LADRC de-
coupling control strategy, the rotor needs 0.062 s to achieve sta-
ble suspension, and the rotor only needs 0.028 s to achieve sta-
ble suspension based on the LSSVM-ILADRC decoupling con-
trol strategy. Simulation results show that the proposed method
has a small overshoot and higher control accuracy.

4.2. Suspension Force Simulation

The relationship between the suspension force and the
displacement is shown in Fig. 8. It can be seen that the
force-displacement stiffness coefficient in the x direction is
810.55N/mm. When the incoming current is constant, there
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FIGURE 8. The relationship between suspension force and displace-
ment. (a) z direction. (b) y direction.

is a good linear relationship between force and displacement
near the equilibrium position. As the rotor gradually moves
away from the equilibrium position, the linear relationship
between force and displacement becomes worse. When the
rotor reaches the maximum deviation of +0.25 mm, it is con-
sidered that the relationship between force and displacement
is nonlinear. Therefore, the relationship between force and
displacement is considered linear only when the rotor rotates
near the equilibrium position.

4.3. Anti-Interference Simulation

At 0.02s, 30N external disturbance force is applied in the z
direction, and after 0.05s, 15N external disturbance force is
applied again in the x direction. The response curves in the ra-
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FIGURE 9. The response curves when the disturbance is applied on the
rotor in the = direction. (a) x direction. (b) y direction.

dial direction when the disturbance is applied in the = direction
are shown in Fig. 9. In the case of the LADRC decoupling con-
trol strategy, the rotor returns to the equilibrium position after
0.025 s adjustment time in the = direction, with the maximum
offset being 0.1 mm. At the same time, the rotor also has a
0.065 mm deviation in the y direction, with an adjustment time
0f 0.008 s. Based on the LSSVM-ILADRC decoupling control
strategy, the rotor can return to the equilibrium position after
only 0.005 s adjustment time with an offset being only 0.03 mm,
and an offset in the y direction is less than half of the LADRC
decoupling control strategy. The simulation results show that
the proposed method has a stronger anti-interference ability and
can realize the decoupling of the magnetic bearing system more
effectively, reducing the influence of disturbance on the system
position.

4.4. Estimation Simulation

Initially, a sinusoidal interference force of 50 sin(4xt) is im-
posed on the system, persisting for 3/2 cycles. Subsequently, a
force of 10 cos(4nt — w/2) is introduced. The estimated dis-
turbance curves are shown in Fig. 10. The LADRC decoupling
control strategy commences tracking the disturbance after 0.15
seconds. Notably, as the amplitude of the disturbance varies,
the tracking error increases. Conversely, the LSSVM-ILADRC
decoupling control strategy commences tracking within merely
0.07 seconds. This strategy effectively maintains continuous
tracking even when the disturbance amplitude changes. Simu-
lation results indicate that the proposed method exhibits supe-
rior response speed and tracking accuracy, particularly evident
in the reduced estimation error during disturbance variations.
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the six-pole AR-AMB are given in Table 1.
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FIGURE 11. The control system of the six-pole AR-AMB.

The core of the six-pole AR-AMB digital control system is
the TMS320F28335 DSP chip designed by TI company. Tak-
ing the reset circuit as an example, the diagram of the chip’s
reset circuit is shown in Fig. 12. The initial level of the nXRS
end is low. During the power-on reset process, capacitor C.3
is in a constant charging state, and the charging time depends
on the product of resistor R,.3 and capacitor C.5. If the power
on reset time is insufficient, the system program may fall into a
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TABLE 1. The main parameters of the six-pole AR-AMB.

Parameters Value
Pole arc angle 8 27/9
Air gap length do 0.5 mm
Thickness of pole shoe di 4 mm
Axial length of magnetic pole [; 25 mm
Radial width length of magnetic pole d2 16 mm
Inner radius of stator yoke 73 50 mm
Outer radius of stator yoke r4 68 mm
Axial length of rotor 2 40 mm
DS
—cn
VDD3.3 |- 4——3— 2;11:
— CMI1215
DGND
13
Ijkrl ‘—\r N —‘ jump4
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<t]en ’r*_dl— PORS RS3
. I,ij_‘_nXRS
l 100
OSrst ——Crl—==Cr2
SW-PB luf 0.1uf —Cr3
o 0.01UF
DGND

FIGURE 12. The diagram of the reset circuit.

chaotic state, leading to the inability to execute smoothly after
burning. Therefore, to ensure the stability of the reset process,
it is usually necessary to increase the capacitance of capacitor
C.3 to reduce program abnormalities caused by insufficient re-
set. After the power-on reset is completed, the port level will
be completely converted from low to high [22].

The function of the power drive board is to enhance the driv-
ing ability of the pulse width modulation (PWM) signal gener-
ated by the control board, thereby driving the frequency conver-
sion module and generating a three-phase control current. Tak-
ing the current sampling circuit as an example, the schematic
diagram of the current sampling circuit is shown in Fig. 13.
The sensor uses the CSNE151 Hall current sensor introduced
by Honeywell company, which has no electrical connection be-
tween the primary and secondary sides, ensuring the electrical
safety of the secondary side IC. Its input is positive and nega-
tive 12 A, and the output is positive and negative 24 mA, corre-
sponding to a 100 2 sampling resistance, which outputs a pos-
itive and negative 2.4 V voltage signal. The first stage opera-
tional amplifier amplifies it in reverse by 0.625 times, and the
second stage operational amplifier raises it by 1.5V, outputting
a voltage signal of 0-3 V to meet the requirements of the DSP
analog-to-digital conversion module [23].
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5.1. Speed Variation Experiment

When the speed accelerates from 1500 r/min to 3000 r/min, the
speed and displacement waveforms in the = and y directions are
shown in Fig. 14. The ILADRC decoupling control strategy is
adopted as shown in Fig. 14(a). The disturbance amplitudes are
40 um and 35 um in the z- and y-directions, respectively, and
the adjustment time is 193 ms. The LSSVM-ILADRC decou-
pling control strategy is adopted as shown in Fig. 14(b). The
disturbance amplitudes are 31 um and 30 um in the x- and y-
directionsa, respectively, and the adjustment time is 176 ms.
When the rotational speed rises, the displacement change am-
plitude in z- and y-directions based on the LSSVM-ILADRC
decoupling control strategy is smaller than that of the ILADRC
decoupling control strategy. The above analysis verifies that
the proposed method has better dynamic performance and can
enter stable suspension faster at different rotational speeds.

5.2. Floating Experiment

When the coils are not powered, the magnetic bearing rotor
comes to a stop on the auxiliary bearing due to gravity. How-
ever, when the coils are energized, the floating waveforms of
the rotor are shown in Fig. 15. The ILADRC decoupling con-
trol strategy is illustrated in Fig. 15(a). When the coils are ener-
gized, the rotor achieves stable suspension after 44 ms, 49 ms,
and 37 ms in the z-, y-, and z-directions, respectively, due to
the electromagnetic force generated by the energized coils. On
the other hand, the LSSVM-ILADRC decoupling control strat-
egy, as shown in Fig. 15(b), allows the rotor to achieve stable
suspension after 40 ms, 44 ms, and 25 ms in the z-, y- and z-
directions, respectively. The above analysis confirms that the
proposed method has a shorter response time and better floating
performance.

5.3. Anti-Interference Experiment

The motion state of the rotor under external disturbance force
is shown in Fig. 16. The ILADRC decoupling control strategy
is shown in Fig. 16(a). When the rotor is affected by a 30N
external disturbance force in the radial direction and leaves the
equilibrium position, the displacement of the rotor in the = and
y directions is 44 um and 21 um, and the recovery time of re-
turning to the equilibrium position is 35 ms and 3 ms, respec-
tively. The LSSVM-ILADRC decoupling control strategy is
adopted as shown in Fig. 16(b). The displacement of the rotor
in the z and y directions is 27 pm and 15 pm, and the recov-
ery time for returning to the equilibrium position is 24 ms and
20 ms, respectively. The two methods have almost no displace-
ment fluctuation in the z direction. It shows that there is no
coupling between axial and radial degrees of freedom, which
is consistent with the theoretical analysis. The above analysis
verifies that the proposed method has better anti-interference
performance.

5.4. Decoupling Experiment

The decoupling experimental waveforms in the radial direc-
tions when a 40 N disturbance is applied on the rotor in the x di-
rection are shown in Fig. 17. The ILADRC decoupling control
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FIGURE 14. The experimental waveforms of rotational speed and ra-
dial displacement in the - and y-direction. (a) ILADRC. (b) LSSVM-
IIADRC.

strategy is presented in Fig. 17(a), where the rotor takes 21 ms
to return to the equilibrium position in the x direction and shifts
in the y direction. On the other hand, the LSSVM-ILADRC de-
coupling control strategy shown in Fig. 17(b) is adopted, where
the rotor only needs 6 ms to return to the equilibrium position,
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FIGURE 15. The floating waveforms of the six-pole AR-AMB. (a)
ILADRC. (b) LSSVM-IIADRC.

reducing the adjustment time by 15 ms, and the overthrow is
smaller. Moreover, there is almost no displacement in the y di-
rection. The above analysis confirms that the proposed method
can achieve better decoupling control between the radial de-
grees of freedom.
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FIGURE 16. The anti-interference waveforms of the six-pole AR-AMB.

(a) ILADRC. (b) LSSVM-IIADRC.

6. CONCLUSION

Based on the characteristics of multivariable, nonlinear, and
strong coupling of the six-pole AR-AMB, the decoupling con-
trol strategy based on the ILADRC optimized by the LSSVM is
proposed. The effectiveness of the proposed decoupling control
strategy is verified by simulation and experiment. The obtained
conclusions are as follows:

1. In the ILADRC controller, b is the only parameter re-
lated to the magnetic bearing system, and its determination
greatly reduces the difficulty of controller design. The cas-
caded LESO can effectively reduce the observation burden
of disturbance and improve the observation accuracy.

2. The regression prediction model in LSSVM is used to op-
timize the LESO. Based on the characteristics of a fast rate
of convergence, the speed of response to disturbance is im-
proved, and the observation accuracy is further improved.
The ILADRC optimized by LSSVM realizes the decou-
pling between the radial degrees of freedom of the six-pole
AR-AMB, which has good anti-interference performance.
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FIGURE 17. The decoupling waveforms of the six-pole AR-AMB when
the disturbance is applied on the rotor in the x direction. (a) ILADRC.
(b) LSSVM-ITADRC.

3. Future work will focus on improving decoupling perfor-
mance while reducing the complexity of the controller of
the six-pole AR-AMB.
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