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Abstract: The rotor of the magnetic suspension turbomachinery is supported by the magnetic
suspension bearing without contact and mechanical friction, which directly drives the high-efficiency
fluid impeller. It has the advantages of high efficiency, low noise, less fault and no lubrication.
However, the system often has some unknown mutation, time variation, load perturbation and other
un-certainties when working, and the traditional Proportion Integration Differentiation (PID) control
strategy has great limitations to overcome the above disturbances. Therefore, this paper firstly
establishes a mathematical model of the rotor of magnetic levitation turbomachinery. Then, a linear
active disturbance rejection controller (LADRC) is presented, which can not only improve the above
problems of PID control, but also avoid the complex parameter tuning process of traditional nonlinear
active disturbance rejection control (ADRC). However, LADRC is easy to induce the overshoot of the
system and cannot filter the given signal. On this basis, an improved LADRC with a fast-tracking
differentiator (FTD) is proposed to arrange the transition process of input signals. The simulation
results show that compared with the traditional PID controller and single LADRC, the improved linear
active disturbance rejection control method with fast tracking differentiator (FTD-LADRC) can better
suppress some unknown abrupt changes, time variation and other uncertainties of the electromagnetic
bearing-rotor system. At the same time, the overshoot of the system is smaller, and the parameters are
easy to be set, which is convenient for engineering application.

Keywords: magnetic levitation turbomachinery; rotor system; tracking differentiator; improved
LADRC; FTD-LADRC; anti-disturbance performance
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1. Introduction

The magnetic levitation turbomachinery supports the rotor of the turbomachinery with magnetic
levitation bearing, realizing the frictionless and wear-free support between the rotor of the
turbomachinery and the stator, which can greatly improve the life and rotation speed of the
turbomachinery [1]. However, due to the complexity of engineering application environment, unstable
load, random disturbance and other problems, the stability analysis of magnetic bearing control system
of magnetic levitation turbomachinery is very complicated, so it is significant to study the control
algorithm of magnetic bearing system [2].

With the continuous development of control theory, many advanced control algorithms have been
applied to the maglev system [3]. The robust control algorithm can keep the maglev system stable
under uncertain factors, and avoid unknown interference and has a certain robustness, but it relies too
much on the exact mathematical model of the controlled object [4]. The Linear Quadratic Regulator
(LQR) method can generate complex control laws in the face of multi-variable systems, and solve
problems such as multi-dimensional coupling and uncertainty interference, but the design of the
controller needs to face the selection of two weighted matrices [5S]. The Proportion Integration
Differentiation (PID) control algorithm has the advantages of simple structure, clear physical meaning,
easy implementation and good control effect under certain conditions, so it is widely used in maglev
system. However, because the rotor system is often affected by external interference, it is difficult for
PID to achieve high performance control [6].

On the basis of in-depth study of the advantages and disadvantages of PID control technology,
Jingqing Han proposed an active disturbance rejection control technology (ADRC) [7]. This control
technology does not depend on the object model, and can estimate and compensate the “internal
disturbance” and “external disturbance” of the system in real time, with strong adaptability and anti-
interference [8]. However, the nonlinear control structure is complicated and the adjustable control
parameters are too many, so it is not easy to be applied quickly in engineering practice. Aiming at the
shortcomings of the original nonlinear ADRC, Zhigiang Gao proposed the concept of frequency scale,
associated the parameters of ADRC in frequency domain, and proposed the linear active disturbance
rejection controller (LADRC) [9]. LADRC linearizes the controller and the extended state observer,
greatly reduces the adjustable parameters of the controller, and makes the active disturbance rejection
control easier to applied to engineering. However, due to the cancellation of the tracking differentiator,
the system is prone to overshoot. And when the input is polluted by noise, the input signal and
differential signal cannot be extracted effectively [10].

Since maglev rotor system of turbomachinery is prone to position mutation, time variation and
load perturbation, the active disturbance rejection control strategy is an effective scheme for
interference suppression [11]. Because active disturbance rejection control not only requires less
precision of modeling, but also can observe coupling disturbances among various degrees of freedom
through extended state observer and implement compensation, so as to solve the decoupling and
disturbance suppression problems in suspension control [12]. Therefore, the nonlinear model of the
maglev turbomachinery rotor system is linearized at the equilibrium point, and the mathematical model
is established. On this basis, by analyzing the advantages and disadvantages of ADRC and LADRC,
an improved linear active disturbance rejection control method with fast tracking differentiator (FTD-
LADRC) is proposed. In other words, the linear extended state observer (LESO) of LADRC is retained,
and FTD is introduced to improve the complex structure of the tracking differentiator algorithm in
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traditional ADRC. The algorithm can arrange the appropriate transition process according to the
control target, reduce the overshoot caused by large changes, and at the same time can fast track the
input signal of the system, and provide approximate differential signal. Finally, the simulation results
show that the improved control algorithm has better anti-disturbance ability, fewer tunable parameters,
and can realize the stable suspension of the rotor system.

2. Dynamic modelling of magnetic levitation rotor system
2.1. Working principle of magnetic levitation rotor system

The principle of maglev bearing-rotor system control is shown in Figure 1 [13]. The system
consists of rotor, magnetic bearing, stator, power amplifier, eddy current sensor and controller. When
the rotor is offset, the eddy current sensor will detect the deviation of the displacement in real time and
feedback the displacement deviation signal to the controller [14]. The output signal of the controller
forms a bias current through the power amplifier, which is sent to the electromagnet coil to form the
electromagnetic force, so that the rotor returns to the balance position, so as to realize the active control
of the electromagnetic bearing. The goal of the controller is not only to achieve the balance of
electromagnetic force and rotor gravity, but also achieve the stability of the control loop [15,16].

Radial Radial
magnetic magnetic
bearing Stat bearing i
ator Axia
wa [T ]
magnetic bearing
bearing
— i Rotor
Axial
sensor
;l Radial Radial
sensor sensor
Motor
Controller
Power Power
amplifier + + amplifier
AMB
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Figure 1. Structure of magnetic levitation bearing system.

As shown in Figure 1, it is the composition structure of the magnetic suspension bearing system.
A pair of radial magnetic bearings are included to provide two translations of the rotor in the horizontal
plane and two rotations of the shaft in space with four degrees of freedom, as well as two axial
electromagnetic bearings to provide up and down motion of a Z-axis [17]. In these two cases, gyro
effect coupling and inertial coupling can be forcibly ignored: 1) For inertial coupling, as long as the
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rotor meets the requirement that its structure is completely symmetric, or the rotor is a slender rotor,
then the inertial coupling can be coupled through the structure, making the coupling mass 0; 2) For
gyroscopic effect coupling, when the rotor speed is below 60,000 rpm, the gyroscopic effect coupling
can be ignored. Since the maglev rotor system used in this paper meets the conditions of mechanical
decoupling and gyro effect decoupling, it can be simplified as a single-DOF system.

2.2. Mathematical model of a single-DOF rotor system

The eight-pole radial electromagnetic bearing as shown in Figure 2 is selected to study the
relationship among magnetic force, displacement and current when moving in Y direction [18,19].

¥

“ v

Figure 2. Schematic of single-DOF of eight-pole radial magnetic bearing.

1) Expression of electromagnetic force

The magnetic potential between the rotor surface and the electromagnet is considered to be
uniformly distributed regardless of the magnetic resistance of the rotor and the core. At the same time,
ignoring the magnetization of the electromagnet, the magnetic induction intensity between the stator
and the rotor is calculated as follows [20]:

B = 280 &g (1)

Where, p, is vacuum permeability, [ is current, §, is air gap at equilibrium position, 2N is
number of coil turns.
Based on Maxwell’s electromagnetic attractive force formula:

f . BZA _ ¢2
Mo oA

)

Where, ¢ = BA is the magnetic flux, A is the sectional area of the electromagnet. By substituting
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Eq (1) into Eq (2), the calculation formula of electromagnetic force can be obtained as follows:
IZ
f=k 3)
0

Where, k = pyN2A.

2) Linearization the electromagnetic force

The magnetic pole group model is shown in Figure 2, which is a differential control model in
which the upper and lower forces jointly control the stable suspension of the rotor. The angle between
the central axis of the stator and the center line of the electromagnet is defined as «. Ignoring the
influence of the axial electromagnetic force, when the radial rotor has an offset x, the change of air
gap in the Y-axis direction is xcosa, and the air gap between the rotor and the upper and lower
magnetic poles is 8y + x cos « and 6, — x cos a. Then the controller outputs the control current to
the upper and lower magnetic pole groups after receiving the signal. And i, is the control current, I
is the equilibrium current. The current flowing through the upper magnetic pole coil is [, — i,, and
the current flowing through the lower magnetic pole coil is Iy + i,. Therefore, the electromagnetic
forces generated by the upper and lower magnetic pole groups are respectively [21]:

_1 (Ip—ix)?
fup T2 k (80+x cos a)? (4)
_ 1, (o+ix)?
faown = 2 k (89—2x cos a)? )

Then, the electromagnetic resultant force in the y-direction is:

i )2 _i )2
(IO'Hx) _ (IO lx) ) (6)

=2 cosa — 2 cosazkcosa(
fx faown fup (8o—xcosa)?  (8o+xcosa)?

The equilibrium point is the point where the displacement is equal to 0 and the bias current is
equal to 0 (A x = 0,i,, = 0), near the equilibrium point the above equation is expanded by Taylor’s
theorem:

felins ) = filig, 0) + 22000 (i ) 4 Palow® g 1[Oe00) (g g2 4 Thllod)

Linear terms within the quadratic term are retained:

. . afx .x pO . . afx(x 0)
fillin %) = filino, 0) + L0 (i, — i) + 20Dy ®)
By the Eq (3),
4klyiy

fro = filizo, 0) = 2™ cos a 9)
O0fx (IO‘Hx)
Yx = 4k == 10
0x | (i, =iy0,x=0) cos* a 55 (10)
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0fx Iy
== =4k cos a— 11
01 | (i, =i40,x=0) Y3 (1n

Substituting Eqs (9)—(11) into Eq (8), the electromagnetic force at the equilibrium point can be
linearized as:

2
fr = 4kcosza%x+4kcosa%ix = kyx + kiiy (12)

0 0
13 g . . . .
where, k, = 4k cos? a6—°3 = 4uoN?A cos? a6—°3 is displacement stiffness coefficient, k; =
0 0

I I . . :
4k cos a 6—(; = 4uyN?Acos a 5—02 is current stiffness coefficient.
0 0

3) Transfer function of electromagnetic bearing system
The dynamic equation of the rotor in radial direction is listed as follows:

2

d
m=== f, +mg (13)

Substituting the electromagnetic force Laplace transform Eq (12) for Eq (13):
ms2X(s) = kyX(s) + k;1(s) (14)
Finally, the transfer function between rotor offset and control current is obtained:

G (s) =5 = K (15)

I(s)  ms2—k,
Because the transfer function G(s) has an unstable pole, the system is unstable. Therefore, it is
necessary to design a controller to make the closed-loop rotor system stable. The magnetic bearing
control system is shown in Figure 3.

» > G.(5) »hk, —— k > ) B >

==
A

Figure 3. Magnetic bearing control system diagram.

As can be seen from Figure 3, the expression of current transfer function is I(s) =
k.Gs(s)G.(s)X(s), The transfer function of the complete closed-loop electromagnetic bearing system

s Gls) = oknoe®)
5 608) = T 6m6®

Here, G.(s) is the transmission function of the controller, k, and k are the gain of the power
amplifier and sensor respectively, k;, k, are the current stiffness coefficient and displacement

Electronic Research Archive Volume 31, Issue 3, 1570-1586.



1576

stiffness coefficient, respectively.
According to the practical requirements, different controllers G.(s) can be selected. This paper
mainly studies PID controller and active disturbance rejection controller.

3. Design of FTD-LADRC
3.1. Overall framework of FTD-LADRC

The LADRC structure is shown in Figure 4. It is mainly composed of a linear extended state
observer and a linear control law. Compared with LADRC, the improved LADRC (Figure 5) adds a
FTD and makes some improvements in the control law. When the rotor of magnetic bearing is offset,
it is the input signal of given displacement, and FTD arranges the appropriate transition process for
the given signal to get the tracking signal and differential signal. The linear extended state observer
can not only observe the original state variables of the system, but also expand the total disturbance
into a new state variable. Then the error of the two is used to calculate the control quantity according
to a certain linear feedback law, which is applied to the rotor to restore the rotor to the equilibrium
position [22].
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Figure 4. General linear active disturbance rejection controller.
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Figure 5. Improved linear active disturbance rejection controller with FTD.
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Now, we establish the standard formula of the second-order controlled object: y = f(y,y,w, t) +
bu, where, y,u are output and input respectively; w is external disturbance; b is a parameter;
f(y,y,w,t) is the total disturbance.

3.2. Fast tracking differentiator (FTD)

In general control systems, the error is directly taken as the difference between the system output
and the set value. This method makes the initial value of the error very large, which is easy to cause
overshoot. If a reasonable transition process is first arranged and the error is taken as the difference
between the transition process and the output value, the contradiction between “speediness” and
“overshoot” can be solved.

Jingqing Han proposed the concept of nonlinear tracking differentiator [23], its discrete tracking
differentiator has the following form:

{xl(k +1) = x,(k) + hx, (k). (16)
Xo(k + 1) = x,(k) + hf st(x (k) — v, x,(k), 7, hy).

Where,

—ra,|al < d;

fst(xy —v,x5,1,hy) = {—rsign(a), la| > d.

c
X2 +h_J|C| < dOr
a= y

; _ (17)
Xy + Aon(e)@o=d) lc|] > d,.
2

d= rho,
dO = dho,
c=v; — v+ hyv,,

a =+/d?+ 8r|c|.

Where, v is the input signal, x; is the tracking signal of v, x, is the derivative of x;, namely, the
differential signal of v; h is the integral step, r determines the tracking speed, h, determines the
noise filtering effect, r and h, needs to be coordinated and adjusted to obtain satisfactory performance.

Its discrete form can eliminate chatter and has good performance. But it uses two switching
functions, the algorithm form is complex, the controller calculation is large, the system hardware
requirements are high, and not easy to engineering application.

Literature [10] puts forward an improved tracking differentiator, whose form is as follows:

If R>0,a; >0,a, >0,p is a constant greater than or equal to 1, p > q > 0, p and q are
both odd, then for any input signal v(t) € L € [0,%) and any constant T > 0, we can get the system

xl = X,
{552 = —ale[(ﬁ(xl - V))p/q +x; — 17] - asz[(ﬁxz/R)p/q + xz/R] (18)

and the solution to the formula satisfies: é‘l?o ) OTle(t) —v(t)|dt = 0.

When the tracking error is large, the tracking differentiator adopts nonlinear link to accelerate the
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speed of approaching the equilibrium point. When the error is small, the linear link is used to avoid
flutter. The tracking differentiator has good dynamic response and strong filtering ability, and can track
and differentiate arbitrary signals.

3.3. Linear extended state observer (LESO)

The basic idea of LESO is to expand the total disturbance into a new state variable of the system,
and then observe all the states including the original state variables and disturbances of the new system
by using the system input [24].

Here x; = y,x, = y are the state variables, the total disturbance f is the augmented variable
X3, thatis x3 = f = h, its state space expression is:

x = Ax + Bu + Eh,
{y = Cx, (19)
0 1 0
Where, x = (xq,%5,x3)T,A=10 0 1|,B=(0,by,0),E =(0,0,1)7,C =[1,0,0].
0 0 O
The three-dimensional expanded state observers are:
> =Az+ B Ly =%,
Eso:{i Z+Butl(y—y) (20)
y =1C(z,

Where, z = (24, 2y, z3)is the state variable of ESO; L = (a4, @y, a3)T is the observer gain of ESO.

If all the poles of the observer are configured at w,,, det(s[ —(A—- LC)) =s3t+as?+ast+az=

(s + wy)3.
Therefore a; = 3w,, a, = 3w?, a3 = w3.Thus, the observer can be written as
ESO:% = (A—LC)z + Bu + Ly 1)
_al 1 0 0 al u
Plug in the parameters, it can get Z = [—az 0 1I{z+|p, a3 [y]
—-a; 0 O 0 a3

3.4. Linear control combination

The nonlinear error feedback control law in ADRC is linearized, and the classical PID
combination is used to implement the controller design. Since the ESO can estimate and compensate
external and internal disturbances in real time, it is further simplified to a linear control combination.
Due to the addition of tracking differentiator to the signal input, the control law here has some
improvement compared with LADRC [25].

Uy = k(v — 2z) + ko (v, — 25) (22)

where, v; and v, are the tracking signal and differential signal of the tracking differentiator, z; and
z, are the observer states from LESO, k; and k, are the amplification coefficients of proportion (P)
and differential (D) respectively.
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3.5. Disturbance compensation calculation

When the rotor of the actual magnetic suspension bearing is in stable suspension, it may encounter
load mutation, interference of a certain frequency and external force impact, and may also have noise
signals on the spot introduced into the displacement signal. These disturbances will have a certain
impact on the control [26].

Through LESO, the representative disturbance state variable x; expanded from the original system
is tracked by z; in the extended state observer. The disturbance is compensated by the control quantity,
which is transformed into an integral series control problem. The control quantity is obtained as:

_ Up—2Z3

u= b_o (23)

Where, — % is the component that compensates the disturbance, and ? is the component that uses
0

0

linear feedback to control the series type of integrator.
4. Controller tuning and simulation analysis

After linearization, there are R, aq, @y, 5,p,q, k1, k2, b, w, ten parameters in the FTD-LADRC
part. But the controller tuning has a certain rule, and the controller has strong robustness, and it is easy
to adjust parameters. The parameter b is the only parameter related to the system. It can be assumed
to be an approximate estimation constant value b, during simulation. According to the mathematical
model of the magnetic suspension bearing system, get the value of b.

The setting method of w,, is the same as that of LADRC. The k; and k, in the control law can
be adjusted from large to small by trial and error, and then the parameters can be adjusted according
to the running condition of the controlled object.

For the FTD, reference [10] shows that there are six parameters R, a4, @5, 5,p,q to be adjusted.
Through simulation, it is found that the value of some parameters is relatively fixed, which has little
influence on the simulation results, so the workload of parameter adjustment is also small.

The magnetic levitation bearing of the controlled object uses the parameters in Table 1 below.

Table 1. The system parameters of magnetic bearing.

Parameters Symbol Values

The quality of rotor m 2.349 kg
Magnetic pole coil turns N 120

Magnetic pole cross-sectional area A 200 mm?
Nominal air gap So 0.4 mm
Permeability of vacuum Uo 4me x 1077 Vs/Am
Bias current I 1.14

Power amplifier gain ko 0.22A4/v
Sensor gain kg 20,000 V/m
Current stiffness k; 9195N/A
Displacement stiffness k, 233,614 N/m
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Meanwhile, the open-loop transfer function of the electromagnetic bearing system is obtained
as follows:

Gr(s) = Ye) _ 9195 (24)

I(s)  2.349s2-233614
1) The output performance of FTD
The model parameters of two kinds of tracking differentiators are shown in Table 2. In order to
verify the tracking characteristics of the tracking differentiator, sinusoidal signals are fed into the input
in Figure 6. It can be seen that the FTD algorithm has faster dynamic characteristics. The phase lag
problem has been improved.

Table 2. The model parameters of TD and FTD.

Parameters Values Parameters Values
T 9000 as 2
Co 2 B 1
R 300 p 9
aq 2 q 3
Input
r X X ¢ ™ 7
FTD
05F
o)
0.5 -
Ak ) AN N _
| | | | | | | | |
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

Figure 6. Comparison of simulation results of tracking differentiator without interference.

In order to verify the filtering effect of the two tracking differentiators, a constant value of 0 is
fed into the input, and a Gaussian white noise with mean value of 0 and mean square deviation of 0.003
is added. As can be seen from Figure 7, both tracking differentiators have filtering effects, but the
filtering effect of high-frequency noise using FTD is more significant. At the same time, FTD
algorithm form is simple, and there is no complex switch function.
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Figure 7. Comparison of simulation results of tracking differentiator with noise.

2) Rotor offset case

The system is assumed to have a 0.2mm displacement offset, namely a unit step signal, is assigned
to the system input, and three controllers (PID, LADRC, FTD-LADRC) are used to model the maglev
bearing control system. The parameters of the FTD-LADRC controller are shown in Table 3.

Table 3. Parameters of FTD-LADRC controller.

Parameters Values Parameters Values
kq 4,000,000 a, 6
ko 140,000 B 1
b 404,580 p 9
150 q 3
a, 6 W, 70,000

The simulation curves of the three controllers verified under step response are shown in Figure 8.
The overshoot of the unit step response curve controlled by PID is 20%, the rise time is 0.025 s, and
the adjustment time is 0.075 s. Observing the step curves in the figure, it can be found that LADRC
and FTD-LADRC are significantly more superior than PID control in terms of overshoot and steady-
state time, entering the steady state at 0.04 s. However, in the process of parameter adjustment, it is
found that when the parameters of LADRC are not suitable, it is easier to overshoot than FTD-LADRC,
and FTD-LADRC has good robustness. For example, when the value of w, of LADRC is not suitable
and changed to 7000, the system experiences an overshoot as shown in Figure 9.
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Figure 8. Step response curves of magnetic suspension bearing system under three controllers.
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Figure 9. Step response curves of three controllers when w, of LADRC changes.

3) Load disturbance case

In the process of steady suspension of rotor, load mutation often occurs. In order to verify the
ability of magnetic suspension bearing system to suppress load mutation, step disturbance is added in
the simulation to verify the anti-disturbance effect of the three controllers. Displacement 0 was selected
as the stable suspension position, and a 10 N step disturbance was added at 0.1 s. As shown in Figure 10,
the maximum displacement offset of the rotor under PID control is 35 um, and the equilibrium
position is restored at 0.07 s. The rotor of maximum displacement offset and recovery time of LADRC
are reduced by more than 50% compared with PID. However, the maximum displacement of the rotor
controlled by the FTD-LADRC is very small, about 2 um, and its anti-interference and rapidity are
greatly improved.
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Figure 10. Simulation of step disturbance applied to magnetic bearing rotor control system.

4) Periodic square wave disturbance case

When the rotor is actually suspended, it may be subjected to a certain frequency of interference
force. In order to verify the anti-interference of the control system under the action of periodic external
force, a 100 N square wave with a period of 0.1 s was added to the simulation.

It can be seen from the simulation results that the maximum displacement fluctuation under PID
control is 0.068 mm, and the maximum displacement fluctuation under LADRC control is 0.028 mm.
The rotor displacement fluctuation using FTD-LADRC is 1.8 10™* mm, and the square wave
interference is greatly suppressed.

%107
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LADRC
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Time(s)

Figure 11. Simulation of square wave disturbance imposed by magnetic levitation rotor
control system.
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5) Noise interference case

Due to the complex engineering environment of the rotor, the mechanical structure part is in the
environment of strong electricity and magnetic field, and there is some noise interference. Therefore,
it is necessary to verify the anti-noise ability of the control system. White Gaussian noise with mean
value of 0 and mean square deviation of 0.003 is added into the system. The simulation results are
shown in Figure 12. The noise of the magnetic bearing system controlled by LADRC is obviously less
than that controlled by PID. The filtering effect of FTD-LADRC is more obvious due to the addition
of FTD.

%107
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LADRC
PID

| il
ll/ A lH il .‘s“ h ul | .u,\\,Wh'l il
T T

e

Displacement({m})

r

NiEEE N @

| | | | |
0 0.05 0.1 0.15 0.2 0.25 03
Time(s)

Figure 12. Simulation of noise interference imposed by magnetic levitation rotor control system.
5. Conclusions

In order to further improve the stability of the rotor of maglev turbomachinery system, this paper
focuses on the improved linear active disturbance rejection control method against some uncertainties
such as unknown mutation, time variation and load perturbation and so on. The electromagnetic
bearing-rotor system of maglev turbomachinery is modeled, an improved linear active disturbance
rejection control with fast tracking differentiator is proposed, and the method of PID, LADRC and
FTD-LADRC are compared. The main contributions are concluded as follows:

1) Compared to the classic PID control, the LADRC can estimate the external disturbance of the
magnetic suspension bearing system well, and compensate the estimated disturbance action in time.
Thus, the magnetic suspension bearing system can better overcome the influence of external
uncertainty disturbance.

2) The FTD can arrange the appropriate transition process according to the control objectives to
avoid the oscillation or even instability caused by large overshoot of the bearing system during startup.
Although the adjustable parameters of FTD-LADRC are increased compared with LADRC, the
controller tuning has a certain rule, which can better suppress external disturbance, load mutation, and
noise interference.

To sum up, the FTD-LADRC method magnetic levitation bearing system, which solves the
problems of overshoot and vibration, has fast adjustment speed, strong robustness and anti-interference.

Electronic Research Archive Volume 31, Issue 3, 1570-1586.
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And the FTD-LADRC method can realize the stable suspension of the rotor of the magnetic levitation
turbomachinery. The experimental research in this area will be further carried out in the future.
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