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ABSTRACT In this study, an adaptive linear active disturbance rejection control is proposed to achieve
steady levitation of the magnetic levitation ball. The proposed algorithm was designed and its convergence
was proven via derivation. It can address the difficulty in parameter tuning of the controller and realize
the real-time self-adaptive optimization of parameters. Besides, to verify the effectiveness of the proposed
parameter tuning strategy, we analysed the anti-interference ability and tracking effects of SMC, LADRC
and A-LADRC in different cases. Finally, the results showed that the anti-interference ability of A-LADRC
is stronger than SMC and LADRC. In addition, the anti-interference effect intensifies when the interference
increases. The designed controller also performs the best tracking performance among these three controllers.

Therefore, A-LADRC exhibits better robustness and dynamic performance.

INDEX TERMS Magnetic levitation, A-LADRC, SMC, anti-interference ability.

I. INTRODUCTION
Since the magnetic levitation technology [1] does not directly
contact the mechanical equipment, there is no need to lubri-
cate the equipment, which extends its life. And it has been
widely used in aerospace, transportation and industry [2]-[4].
With the significantly improvement in the manufacturing
process of permanent magnet materials, hybrid levitation has
become a hot spot in new magnetic levitation technology
[5], [6] once again. Compared with pure electromagnetic
levitation, hybrid levitation increases the difficulty of levi-
tation control. It is susceptible to magnetic materials, exter-
nal interference and changes in its own parameters [7], [8].
Sun et al. [9] has presented a neural network-based super-
visor control approach to realize effective control for the
scenarios of random disturbance force, flexible track, and
time-delay of maglev vehicle systems. Therefore, how to real-
ize its stable suspension control has became the main topic of
researchers [10]-[12].

Most of the controlled plants are complex in structure
and the models are difficult to obtain, thus tuning of the
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controller parameters without a detailed model is critical
in practice. Han et al. [13], [14] introduced active distur-
bance rejection control (ADRC) theory in 1998.The ADRC
inherited the advantages of the classic PID by reducing the
total disturbance of various uncertain factors. Accordingly,
the controlled object demonstrated satisfactory adaptability
and robustness [15]. Gao et al. [16] applied the concept of
frequency scale to linearize ADRC and proposed an easy-
to-implement linear ARDC (LADRC), which solved the
problems [17], [18] of the early ADRC tuning by linking
the parameters in the controller with the bandwidth. Hence,
LADRC has been widely used in various fields. However,
he did not study the influence of by on the controller. In order
to solve the problem of parameter optimization and setting in
active disturbance rejection control. Chen et al. [19] put for-
ward an improved LADRC parameter-tuning method. It can
determined parameters of the controller under the premise
of knowing the adjustment time. However, the appropriate
adjustment time must first be determined to obtain the band-
width parameter. Yuan et al. [20] started from the frequency
domain and proposed a method of frequency band charac-
teristic curve. It can solve the difficulty of parameter tun-
ing in linear active disturbance rejection control (LADRC).
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This method explores and analyzes the relationship between
system dynamic characteristics and controller parameters.
However, this method needs to alternately adjust w. and bg
to obtain a satisfactory dynamic performance. Wu et al. [21]
offered an automatic adjustment algorithm for ADRC param-
eters, which determined the appropriate parameters by con-
structing a performance objective function. However, this
method failed to solve the problem of effectively determining
the learning interval of controller parameters. Li ef al. [22]
put forward a parameter self-tuning algorithm based on time
series data mining was proposed on LADRC. Parameter tun-
ing was performed by improving the random search algorithm
of variable shrinkage coefficient, but a large amount of time
series analytical data with complex computational workload
were required. Liang er al. [23] proposed a new parameter
identification method for the difficulty of tuning parameter bg
in LADRC:; but this method did not solve the tuning of other
parameters in the controller. Humaidi et al. [24] offered a
particle swarm optimization method (PSO) to tune the param-
eters of LADRC. The results indicated that the proposed
algorithm had minimum error variance such to enhance the
dynamic performance. However, the dynamic performance of
the controlled object still had a large overshoot. Wei et al. [25]
proposed a time-varying ADRC method to adjust its param-
eters, but this method did not realize the active adjustment
of parameters to obtain a satisfactory dynamic performance.
Chen et al. [26] proposed an adaptive method of ADRC
parameters based on Q-learning. The result showed the pro-
posed algorithm had the advantages of robustness and higher
tracking precision. But there is no performance indicator to
evaluate the result. Liu et al. [27] proposed an adaptive linear
active disturbance rejection control (LADRC) controller to
reduce the difficulty of parameter tuning. the number of tun-
ing parameters of LADRC was also reduced to two by a pole
placement design. However, the remaining parameter tuning
task of ALADRC was still very arduous. Li et al. [28] inves-
tigated a method for the stable area of LADRC controller
parameters and introduced a genetic algorithm to optimize
controller parameters and obtain acceptable results. However,
this method fails to solve and determine the upper limit of
position maps. These studies demonstrate the importance of
parameter optimization in LADRC. Cui et al. [29] proposed
a specific parameter tuning formula for second-order linear
active disturbance rejection controller (LADRC).The results
could achieve satisfactory performance in disturbance rejec-
tion and robustness. But the dynamic performance of the rise
time was too long. Liu ef al. [30] proposed a measurement
delay compensated linear ADRC (LADRC), and a simple
tuning method for LADRC s parameters was presented. How-
ever, it was based on an ideal model without resistance.
Hence, we adopt the idea of error elimination based on
error. The combination of adaptive algorithm and LADRC
realizes online adaptive optimization of parameters in its
controller. The rest of this paper is organized as follows. The
nonlinear mathematical model of the magnetic levitation ball
system is established in Section 2. The proposed algorithm
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FIGURE 1. A magnetic levitation ball system.

is designed, derived, and proven in Section 3. The simulation
and experimental results are discussed in Section 4. Finally,
conclusions and direction of future work are presented in
Section 5.

Il. NONLINEAR MODEL OF MAGNETIC LEVITATION

BALL SYSTEM

A. SYSTEM INTRODUCTION

The magnetic levitation ball system is shown in Fig. 1.The
magnetic levitation ball control system, an experimental plat-
form for investigating the magnetic levitation technology,
consists of a hybrid magnet, a laser sensor, a ball, and a power
amplifier. The hybrid magnet is realized by installing a per-
manent magnet in the middle of a U-shaped electromagnet.
The system also includes a laser sensor that determines the
position of the magnetic ball relative to the coil.

The system uses a hybrid magnet to achieve the suspen-
sion of the magnetic ball at the equilibrium position with
the following principles: First, the laser sensor detects and
determines the position signal of the magnetic ball in real
time. The control signal is used as the input signal of the
controller and calculated via the control algorithm to output
the control signal. Second, the control signal is transformed
into the control current through the power amplifier. Finally,
the control current is used to drive the generation of mag-
netic force in the hybrid magnet to resist the magnetic ball.
Meanwhile, the magnetic ball is constantly maintained at a
balanced position due to gravity.

Fig.2 exhibits the structure of magnetic levitation ball
control system. The suspension height is the distance from
the magnetic ball to the surface of the hybrid magnet. The
magnetic levitation ball system has nonlinear characteristics.
And it has been theoretically verified in the mathematical
modeling process of the system. The magnetic levitation ball
system is an open-loop unstable system. Given that a non-
linear relationship between the hybrid magnetic force and the
levitation height, this balance is extremely unstable. The mag-
netic suspension ball falls when external disturbance (such
as voltage fluctuations or wind) occurs. Thus, a closed-loop
control system must be used.
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FIGURE 2. Structure of magnetic levitation ball system.

B. MODEL OF MAGNETIC LEVITATION BALL SYSTEM

By analyzing the structure and principle of the magnetic levi-
tation ball mentioned-above, a mathematical model based on
the permanent magnet and electromagnetic hybrid magnetic
levitation ball was established. According to Newton’s sec-
ond and Kirchhoff’s laws, the dynamics of the magnetic ball
in the vertical direction can be expressed as follows:

PX Py mg 4+, (1)
m—s =F(x,i))—m
dtz 8 d
, woN?s  di  2puoNs(Ni + Hchyp) dx
u = Ri+ — T =
(2x + Hchyp) dt (2x + Hehyp) dt
2
B? Ni+ H.hyy, 2
F(x,i) = oS MOS(M 3)
Hno 2x + hmp/ll«r

The formula(l) describes the dynamics of magnetic
levitation ball, where f; is the external interference force.
Compared with the levitation force provided by pure electro-
magnetics, the hybrid magnetic force is more complicated.
It is also provided by a mixture of permanent magnets and
electromagnets in the formula(3).The presence of hybrid
magnetic force, which is nonlinear with the current and dis-
tance as well as the square of the ratio of current and distance,
changes the relationship among the distance, current, and
magnetic force due to the addition of permanent magnets.
The material and the length of permanent magnets affect this
force.

If the magnetic ball is in a balanced position, then its
gravity and hybrid magnetic force are equal. The point (xo, ip)
is the stable equilibrium point of the magnetic levitation ball
system. In this task, it is necessary to achieve the lineariza-
tion of magnetic force at this equilibrium point. Thereafter,
the hybrid magnetic force with the Taylor series is then
expanded at the equilibrium position of the magnetic levita-
tion ball system while ignoring the higher-order terms. Thus,
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FIGURE 3. The position response of magnetic levitation ball open loop
system.

the hybrid magnetic force F'(x, i) can be expressed as follows:
F(x, i) = F(xo, io) + ki(i — ip) + kx(x — x0) “)

We define k; and k, to facilitate the subsequent design:

o OF _ 2uoNs(Nio + Hely)
Y 0 gy (20 + hup/ 1)’

o _ OF| __ 4uoNs(Nio + Hehnp)®
T ox (xo0.i0) (2x0 + hp/ 141)°

The above-mentioned formulas can be simplified, and the
following formula can be obtained:

mi = kex — kii + fa &)

The magnetic levitation ball system model takes current i
as input and levitation height x as output. We assign the state
variable x; = y, x» = y,x3 = f. Accordingly, the magnetic
levitation ball system can be expressed as follows:

% =Ax + Bu+ Ef

6
y=Cx (6)
where
010 0 0
A=|(001|,B=|by|,E=]|0 ,C:[IOO]
000 0 1

f is variable, and it represents the total interference, which
includes the sum of internal and external interference.

The following assumptions are made before the magnetic
levitation ball system modeling:

(1) Ignore the magnetic resistance of the iron core;

(2) Ignore factors, such as magnetic leakage and rema-
nence;

(3) The magnetic flux in the hybrid magnet is evenly
distributed.

Actual model parameter values and physical meanings of
the magnetic levitation ball system are listed in Table 1.
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TABLE 1. Parameters of the magnetic levitation ball system.

Variable and Descriptions Values
The mass of magnetic ball m(kg) 2

Coil turns N 5000
Current in the coil at balance ig(A) 1.18
The suspension height when the magnetic ball is balanced zo(m) 0.01
Magnetic pole area s(m?) 3.6447 x 1074
Permeability of vacuum o (H/m) 47 x 1077
Relative permeability 1, 1

The length of the permanent magnet b, (m) 0.03
The coercive force of permanent magnet H.(kA/m) 800
Coil resistance R(£2) 13.6

261 LSEF |

Plant

| LESO

FIGURE 4. The structure of LADRC.

Fig.3 can be obtained by substituting the previous param-
eter values into the magnetic levitation ball system. The
curve demonstrates that the magnetic levitation ball system
is divergent. This fact proves the instability of the magnetic
levitation ball system once again. Therefore, a closed-loop
control system must be used to achieve the stable suspension
of the magnetic levitation ball.

IIl. PARAMETER TUNING OF MAGNETIC LEVITATION
BALL SYSTEM
A. STRUCTURE OF LADRC
The wide range of applications of LADRC is due to its
strong anti-interference capabilities, which are also indepen-
dent of the model of the controlled object. The structure
of LADRC is illustrated in Fig.4. It is composed of three
parts, namely, the Tracking Differentiator (TD), the Linear
Extended State Observer (LESO), and the Linear State Error
Feedback (LSEF).

TD is used to arrange the transition process of the con-
trol system, it also generates the signal input by the con-
troller system. LESO is the core part of LADRC, and its
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function is to accurately estimate the system state, error
changes, and external interference. LESO is mainly used to
solve the core problem of interference observation in active
anti-interference technology. Moreover, LESO does not rely
on the model that generates the interference, nor does it
require direct measurement to observe the interference. LSEF
is the input of the LADRC calculated on the basis of the
output of TD and LESO.

Three parameters, namely, controller bandwidth wy,
observer bandwidth w, and bg,which are adjusted to obtain a
satisfactory dynamic performance in LADRC. The controller
bandwidth w. determines the response speed of the system.
The observer bandwidth w, determines the tracking speed of
LESO. by is determined by the controlled system.

The mathematical structure of LESO can be described as
follows:

e(t) = z1(t) — y(1) (N
z1(t + h) = z1(2) + h(z2(2) — Bre(1)) ®
2(t +h) = 22(0) + h(z3(t) — Pae(t) + bou) ©)
23(t + h) = z3(1) + h(—p3e()) (10)
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As shown in Fig. 4, we can know that y is the magnetic
levitation ball system output, it stands for suspension height.
u is control system input. 1,82 and B3 are tunable gains of
LESO, and they have a certain relationship with w.,which
defined as: 81 = 3w, B2 = 3w,2, B3z = wes. 71 represents
the suspension height value observed by the state observer in
LESO. 7, is the derivative of z1,and it also means the speed
of the magnetic ball.z3 is the total interference of the system,
which includes the sum of internal and external interferences.
h is denoted as the sampling step.

The second element of LADRC is LSEF, which can be
represented by the following sets of formulas:

e1(t) = y,(t) — z21(r) (11)

ex(t) = —z(1) (12)

Uy = kp€1 + kgen (13)
_up—z3

U= by (14)

where y, is the setting suspension height value. e¢; and ey
stand for the error sum between the input signals and the
estimates of the state observer output. We use e>(t) = —z22(¢)
instead of ex(t) = y,(t) — z2(¢) in formula (12) to avoid
the differentiation of the set value, which also prevents the
magnetic levitation ball system problems caused by the rapid
change of the set value. k, and k; are the proportional and
differential magnification factors, respectively, they have a
certain relationship with w,.These factors can be defined as:
ky = w2, kq = 2w.

by is a tunable parameter in the magnetic levitation ball sys-
tem. Formula (13) is the generation of control signals; thus,
it can greatly eliminate the influence of external interference.
Formula (14) is the control variable generated by reducing
total interference.

B. DESIGN OF A-LADRC
In LADRC, manual parameter adjustment is used to obtain
the satisfactory dynamic performance of the system, and its
process is complicated. This study mainly combines adaptive
algorithms and LADRC to realize parameter optimization in
its controller. This method is called adaptive linear active
disturbance rejection control(A-LADRC).

First, the following formula is set to perform the adaptive
tuning of parameter w, in LADRC:

wo(t) = M (15)

where e11(¢) = z1(t +h) — ¥(1), ex2(t) = 21t + h) — r(?).

Thus, the weight update of A(f + &) can be obtained by using
the following formula:

1 €2

At +h) = A1) + 2o 16

(t+h =20 (Bhwo — 1) (e11 +¢) (10

where « is the regulatory factor, which can also be considered

as a positive number.A(¢) is the initial value of w,. & is a

sampling step and we set it to 0.001. ¢ is the allowable error

value between the estimated value of the state variable in
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LESO and the actual output value. The existence of ¢ can
improve the simulation effect, and its value is close to zero.

Finally, we use Lyapunov to prove the convergence of the
adaptive algorithm. This expression chooses the following
Lyapunov function.

_L, 2., 2
V= 2(611 +e2°) 17
The result shows that:
V>0

where V is the derivative of V, next we prove the positive

or negative of V . Thus the equation of V' can be obtained as

follows:

V =epen +exnexn
deq dexn

= 6117 +6227

d[z1(t +h)—y@®)] 0z1(t + h) Ow,(t) OA(r + h)
0z1(t + h) owy(t) oAt +h) Ot

0 [z1(t+h)—r(t)] 0z1(t+h) Ow,(t) OA(t + h)
dzi(1+h) awo(r) A +h) Ot

L Bheywo)2 ! 2
- 0 o
3w, N S — 1) e + &

€22
-3h 2
+ e22(-3he)(w, )( ah(3hw0 “Der; +8)
20[6822 3hw0 20[6622
= - el — €n
h(er1 +¢) 3hw, — 1 h(e11 + €)
2aeerr 2aeer
< — el — €22
h(er1 + ¢€) h(err +¢€)
—daerjernn  2aen? —4dae?
— < <0
h h h

The following equation is transported to prove V :

=e11

+exn

= e (1-

Jim z1(t + h) = 21(1) (18)

The boundedness and convergence of the magnetic levi-
tation ball system are proved. The parameter optimization
of wp becomes the relationship between A and « in the
weight update formula. Based on multiple experimental data,
the initial value ranges from three to four, thus it reduces the
influence of the initial value in the weight update formula.
The relationship between the initial value and the regulatory
factor can be obtained through multiple experiments.

A1) = 1.340% — 2.59« + 4.28 (19)

We use the previous method to tune the parameter w,
adaptively. The following formula is set:

we(t) = e+ (20)

where e((t) = r(t) — z1(t + h), and ex(t) = —zp(t). Thus,
the weight update of n(z + /) can be obtained by the following
formula:

€]

1
h) = 2 21
wE R = () + M(chl +e2)(e2+¢) @D
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where u is the regulatory factor and also a positive number.
n(¢) is the initial value of w..We use Lyapunov function to
prove the convergence of the proposed algorithm as follows:

_1 5 2
V= 5(61 +e2%) (22)
Accordingly, the following expression can be easily
obtained:

V>0

We calculate V and determine whether it has a positive or
negative value. Thus, the V can be obtained as follows:

V = e1€] + erér
dey den
=ag tey,
o [r(t) —z1(t + h)] dup(t) owc(t) an( + h)
duo(t) owe(t) on(t +h) ot
0 [—z2(0)] Quo(t) dw(r) On( + h)

duo(t) Owe(t) an(t+h) ot
= e1(— hH) (2w e1 + 2e2)(w, )2

e

h(w,e1 + e3) ex + 8)
el )

h(w.e; +ex)ex+e¢

1
+ex(— E)(chel + 2ex)(w )(2u

1 1
dpwe(h*e)® + —eje2) 4uwe(—erer)
B2 B2

h(ey + ¢€)

h(ey + ¢€)

1
—4duwe,— 0
< AW, 1 er <

The result showed that V is less than zero; hence, the Lya-
punov function has proven the convergence of the proposed
algorithm. The experiments indicated that the regulatory fac-
tor u value ranges from 0 to 0.5, and the value of initial
ranges from 3 to 3.5. The relationship between these factors
can be expressed as follows:

n(t) = —1.33 + 3.66 (23)

Therefore, the optimization of parameter w, in the LESO
and parameter w. in the LSEF have been accomplished
through the design, derivation, and verification of the above
algorithm.

IV. SIMULINK RESULTS
We compare the proposed algorithm with A-LADRC to illus-
trate its superiority further by introducing the sliding mode
control (SMC). The MATLAB platform is utilized to carry
out the numerical simulation of parameter optimization of
A-LADRC and confirm the effect on the basis of A-LADRC.
We examine the effect of SMC,LADRC and A-LADRC
on their anti-interference ability according to the three error
criteria. The three error criteria are integral of absolute-value
of error (IAE), integral of time-multiplied absolute-value of
error (ITAE), and integral of time multiplied by squared
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FIGURE 5. Influence of initial value on A-LADRC.

error (ITSE). These criteria can be expressed by the following
formulas:

t t
IAE = fo ey = /0 e —Youlds  24)
t t
mag = [ tlefde = [t -yoide  @3)
0 0

' 2 t 2
15t = [ el dr= [ 0r -y dr - C9)
0 0

where y, is the set suspension height value, and the y,,; is
the suspension height value output by the magnetic levitation
ball system.

However, the regulatory factor and initial value in the
adaptive algorithm must be determined before conducting
the following experiments(case studies),because they can
remarkably affect the result.

Chattering phenomenon is caused by the small initial value
as shown in Fig.5(a); when the regulatory factor gets larger,
the anti-interference ability drops again as shown in Fig.5(b).
This finding also demonstrated that the selection of initial
values is crucial in A-LADRC.
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FIGURE 6. The effect of A-LADRC under different regulatory factors.

The following experiments are presented in four cases. The
step signal is initially taken as the reference signal. The per-
formance of the anti-interference ability of SMC, LADRC,
and A-LADRC are then compared. Finally, sinusoidal and
square wave signals are alternately used as the reference
signal to compare the tracking effect and anti-interference
ability of SMC, LADRC, and A-LADRC.

1) CASE 1

The step signal is input as the reference signal to verify the
effect of A-LADRC. Adaptive parameters o and p are set
to 0.1 in Fig.6(a). The values of o and p are set at 0.2 in
Fig.6(b). The initial values of A and 7 remain unchanged. It
can be seen that the SMC can achieve the stable suspension of
the magnetic levitation ball from Fig.6 (a) and (b), but its rise
time is excessively long. Although the rise time of LADRC is
too short, it has a large overshoot. Only A-LADRC satisfies
their shortcomings. An appropriate increase in the regulatory
factor can reduce its rise time. We can see that the rise time
of A-LADRC is 0.518 s to 0.323 s from Fig.6(a) and (b),
and the rise time has been reduced by 37.64%.The overshoot
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FIGURE 7. Anti-interference ability under different interferences.

of A-LADRC is significantly smaller than LADRC. Hence,
A-LADRC demonstrates better dynamic performance than
SMC and LADRC.

2) CASE 2

The robustness and anti-interference ability of SMC,
A-LADRC, and LADRC under different interferences are
investigated in this case. The interference is set to 20 and
40 N to determine their effects at 2 s. We can obtain the
experimental results and data using the three error criteria and
their anti-interference ability is illustrated Figs. 7(a) and 7(b).

The suspension height of LADRC changes by approxi-
mately 2 mm when the interference varies from 20 N to 40 N.
SMC changes by approximately 0.5 mm with an excessively
long duration. Only the suspension height of A-LADRC is
basically the same as that of A-LADRC at 20 N. This finding
reflects their anti-interference ability.

Table 2 presents the twofold improvement of the three error
criteria of SMC. However, the error of ITAE improved by
only 29.75% in A-LADRC. By comparison, the error of ITAE
increased by 52.53% in LADRC. Therefore, A-LADRC
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TABLE 2. Comparisons of three error criterions under different interferences.

Reference signal Controller IAE ITAE ITSE
SMC 3.874 x 1073 5.445 x 1073 3.134 x 1076
Step+interference(20N) L ADRC ~ 7.611 x 10~*  7.251 x 10~*  7.572 x 10~ 7
A-LADRC 7.217 x 107* 1.348 x 10~%  2.001 x 10~7
SMC 6.467 x 1073 1.239 x 1072 2.342 x 10~°
Step+interference(40N)  LADRC ~ 9.010 x 10~%  1.106 x 1073 1.629 x 10~
A-LADRC  8.655 x 10™*  1.749 x 10~%  2.209 x 10~7

TABLE 3. Comparisons of three error criterions under sinusoidal signal.

Reference signal Controller IAE ITAE ITSE
SMC 4.744 x 1073 1.565 x 1072 7.275 x 10~
Sinusoidal LADRC  2.674 x 1073 1.135x 1072  3.256 x 10~
A-LADRC  2.304 x 1073 7.995 x 1073  1.875 x 1076
SMC 5.334 x 1073 1.741 x 1072 9.637 x 10~
Sinusoidal+interference  LADRC ~ 2.901 x 1073  1.250 x 1072 3.967 x 106
A-LADRC  2.702 x 1073 7.302 x 1073  1.640 x 1076

adopts self-adaptive real-time parameter optimization and
its three errors are significantly less than those of SMC
and LADRC. This finding proves the strong robustness and
anti-interference ability of A-LADRC.

We also performed additional experimental tests under
different interferences in the range of 0-50 N to illustrate
the robustness of A-LADRC further. Notably, the total inter-
ference of LADRC includes the sum of internal and external
interferences. The total interference of the magnetic ball sys-
tem is estimated and compensated through the LESO in this
study.

From Fig. 8 (a), (b) and (c), we can get the following
conclusions: the three errors of A-LADRC are far smaller
than LADRC when the interference changes continuously
within a certain range regardless of the error criterion used in
IAE, ITAE, and ITSE. Because A-LADRC adopts adaptive
algorithm for real-time adaptation parameter optimization.
This phenomenon is clearly reflected with the increase of
interference. The results proved the superiority of A-LADRC
by demonstrating that the strong anti-interference ability of
A-LADRC self-adjusts under self-adaptation.

3) CASE3

The sinusoidal signal is input as the reference signal in this
case to analyse the tracking effect of SMC, A-LADRC, and
LADRC when their suspension heights change in a sine
function. Both & and w are set to 0.1.The initial value of A is 4,
and the initial value of 7 is 3.5.The amplitude of the sinusoidal
signal is 3, and the frequency is 3 Hz. Thus, the sinusoidal
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signal can be expressed as follows:
yr = 10 4 35in(3¢) 27)

The reference signal is to change the suspension height
value in the range of 7-13 mm with the sinusoidal sig-
nal. We can see the tracking effect of SMC,A-LADRC,
and LADRC without interference are illustrated in Fig.9(a).
A step interference signal of 5 N is added as the interference
signal. The tracking effect of A-LADRC under interference
is shown in Fig. 9(b).

Table 3 presents the experiment data of the sinusoidal sig-
nal under the three error criteria with or without interference.
The error of IAE in A-LADRC is smaller than LADRC and
SMC. The two error indicators of ITAE and ITSE are also
both smaller than those without interference in A-LADRC.
ITAE and ITSE errors reduce by 8.66% and 12.53%, respec-
tively. However, the error of LADRC becomes significantly
larger after adding the interference. Respective errors of ITAE
and ITSE improve by 10.13% and increase by 21.84% in
LADRC.

We can get the following conclusion from the
Fig.9 (a), (b) and Table 3: when a sinusoidal signal is input as
the reference signal with or without interference, A-LADRC
can achieve its perfect tracking, then LADRC, and finally it’s
SMC. Hence, this finding proves the superiority and novelty
of A-LADRC.

4) CASE 4
Tracking effects of SMC, A-LADRC, and LADRC when
suspension heights change and the square wave signal is input
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FIGURE 8. Comparison of errors between A-LADRC and LADRC under
interference changes.

as the reference signal are compared. The adaptive parameter
value in A-LADRC is the same as the previous sinusoidal
signal parameter value. The period of square wave signal is
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FIGURE 9. Tracking effect of A-LADRC under sinusoidal signal.

set to 2, and the duty ratio is 50%.Thus, the square wave
signal can also be expressed as follows:

R2mm k<t<k+1k=0,2,6...... )

= (28)

10mm k<t<k+1k=1,3,5...... )

Tracking effects of SMC, LADRC, and A-LADRC are
illustrated in Fig. 10(a). In addition, an interference force
of 5 N is added to compare their anti-interference ability. The
effect is shown in Fig. 10(b). Table 4 presents the error of
the square wave signal under the three error criteria with or
without interference.

When the interference is added to the square wave signal,
it can be found that the three error criteria are obviously larger
from the data of Table 4, it’s the same as the sinusoidal signal.
The error of IAE under A-LADRC is smaller than SMC and
LADRC with or without interference. The error of ITAE has
dropped by 23.43% in A-LADRC, the error of ITSE is also
reduced by 34.72% too. By comparison, the error of ITAE
improved by 2.77% and that of ITSE increased by 5.77%
in LADRC. Hence, A-LADRC can successfully approximate
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FIGURE 10. Tracking effect of A-LADRC under square wave signal.
TABLE 4. Comparisons of three error criterions under square wave signal.
Reference signal Controller ITAE ITSE
SMC 5.651 x 1073 1.592 x 102  1.460 x 10—°
Square LADRC 1.372 x 1073 4.283 x 1073  4.512 x 10~
A-LADRC 1.080 x 1073 1.127 x 103 1.439 x 10~6
SMC 6.619 x 1073 1.855 x 10=2  1.901 x 10~5
Square+interference | ADRC 1.444 x 1073 4.402 x 1073 4.746 x 106
A-LADRC 1.158 x 1073  8.629 x 10~* 9.394 x 107

the square wave signal while adopting adaptive parameters
with or without interference in the optimization.

Therefore, the tracking effect of A-LADRC is significantly
better than that of SMC and LADRC with or without inter-
ference when sinusoidal and square wave signals are inputted
as reference signals. This finding is clearly illustrated by
the three error criteria (IAE, ITAE, and ITSE) introduced in
the evaluation. Experimental data listed in Tables 2, 3, and
4 demonstrated that the error of A-LADRC is significantly
smaller than that of SMC and LADRC regardless of the error
criterion used. This finding further proves the novelty and
superiority of A-LADRC.

V. CONCLUSION
In this study, the LADRC is mainly used to achieve the
stable suspension of the magnetic ball. The adaptive algo-
rithm is combined with LADRC to address the difficulty
of tuning controller and observer bandwidths in LADRC.
This approach can realize the real-time online adaptive opti-
mization and tuning of parameters in the controller. Effects
of SMC, LADRC, and A-LADRC controllers are evaluated
using their tracking performance and anti-interference ability.
The results show that only A-LADRC satisfies their short-
comings when the step signal is input as the reference
signal. Compared to a fixed bandwidth LADRC, although
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the adaptive algorithm complexity is slightly increased,
it ensures good dynamic performance and improves the
anti-interference ability. The experimental data also showed
that the situation is the opposite in the proposed algorithm.
The three error values are smaller than those without inter-
ference. Cases 2, 3, and 4 obtained similar results. In addi-
tion, A-LADRC exhibits stronger anti-interference ability
than SMC and LADRC due to its adoption of adaptive
real-time parameter optimization. The effect intensifies with
the increase of interference. The tracking effect of A-LADRC
is significantly higher than that of SMC and LADRC with or
without interference when sine and square wave signals are
alternately input as reference signals.

If the relationship between the initial value and the regu-
latory factor in the proposed algorithm can be deduced and
proved rather than obtained from the empirical formula, then
the performance of A-LADRC will be superior in the future.
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