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ABSTRACT: To enhance the reaction speed, suspension performance, and anti-interference ability of a Bearingless Induction Motor (BIM)
operation control system, an improved Active Disturbance Rejection Control (ADRC) technique is proposed. Firstly, the ADRC in the
suspension system and the ADRC in the torque system are designed, respectively, using the BIM’s mathematical model as the basis.
Furthermore, the error integral signal is incorporated into the nonlinear state error feedback control law of the standard ADRC controller.
Subsequently, a novel optimal control function is formulated using the fitting method, which is based on the original fa/ function. This
approach effectively mitigates the impact of output signal fluctuations at the inflection point of the fa/ function. Simultaneously, the
RBF neural network technique is employed to autonomously adjust the control parameters of the extended state observer, therefore
enhancing the system’s observation capability. Ultimately, the classic ADRC control strategy and the IADRC strategy are compared
through simulation and experimentation. Simulations and experimental findings demonstrate that the suggested control method enhances
the BIM control system’s response time and resilience to external disturbance. Additionally, it enhances the levitation performance of

the BIM system.

1. INTRODUCTION

agnetic bearing technology is incorporated with an induc-

tion motor in a bearingless induction motor (BIM). A set
of levitation windings is embedded in the stator slot of the in-
duction motor so that the motor produces a nonuniform air gap
magnetic field. The rotation and suspension of the rotor can
be realized by controlling the current of the suspension force
winding and the torque winding [1-3]. The BIM exhibits at-
tributes such as the absence of mechanical friction, negligible
maintenance requirements, extended lifespan, and the absence
of pollutants. Consequently, it holds significant potential for
applications in aircraft, semiconductors, biochemistry, life sci-
ence, and other domains [4-6]. To ensure the operation perfor-
mance of the BIM in a complex application environment, the
corresponding stable operation control algorithm is a research
hotspot with important engineering significance.

BIM exhibits the attributes of nonlinearity, multivariable na-
ture, and robust coupling. To gain the best static as well as
dynamic performance from a BIM, sophisticated control algo-
rithms need to be researched [7,8]. When there are interfer-
ence factors in the system or when the degree of nonlinear-
ity grows, the proportion integration differentiation (PID) con-
troller is unable to adapt itself appropriately, leading to a di-
minished ability to effectively suppress disturbances [9-12].
Hence, the PID controller has challenges in achieving high-
performance control when there are variations in parameters
and unexpected torque disturbances during motor operation.
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Consequently, modern control theories have been implemented
in the BIM to enhance both dynamic and static performances, as
well as improve resistance to disturbances such as sliding mode
control [13], model predictive control [14], and internal model
control [15]. Nevertheless, the use of the aforementioned ap-
proaches to provide stability control of BIM is limited due to the
complex and nonlinear nature of the BIM control model [16—
18]. Sliding mode control can result in rotor buffeting. Model
predictive control significantly increases the computing burden
of the controller, and internal model control is applicable only
to control objects with modeling errors within a specific range.
Therefore, when the above algorithms are used for BIM control,
the application effect and control performance will be greatly
affected.

Active Disturbance Rejection Control (ADRC) controller ex-
hibits an elevated level of robustness and adaptability because
it combines the benefits of PID with modern control theory
state observer to efficiently detect and counteract internal as
well as external disturbances in a system [19]. Ref. [20] uti-
lized the ADRC method to suppress the vibration of a motor
during driving and deceleration and verified the superior con-
trol performance of the ADRC method. Existing studies have
shown that it is feasible to use the ADRC method to control
a BIM and has potential practical application value [21-23].
The control effect can be significantly impacted by the fixed
structural features and incorrect parameter configuration of the
conventional ADRC controller. Recently, several academics
have started enhancing the control structure of the conventional
ADRC controller. As an illustration, a study in [24] introduced

Published by THE ELECTROMAGNETIC ACADEMY


https://doi.org/10.2528/PIERC23121601

PIER C

Wang et al.

an improved nonlinear ADRC that incorporates a linear Ex-
tended State Observer (ESO) to first gauge the overall pertur-
bation. Convergence and stability of the ADRC are enhanced
at the same time when the estimated value is incorporated into
the nonlinear ESO through the use of the defined weight regu-
lar function. Ref. [25] suggests using a nonlinear phase-locked
loop observer as a replacement for the extended state observer
in ADRC. The enhanced ADRC is employed in bearingless per-
manent magnet slice motor systems to provide excellent dy-
namic, static, and anti-interference capabilities. However, the
ADRC controller includes a lot of parameters that are diffi-
cult to configure. The control system’s effectiveness is greatly
impacted by the settings selected. Numerous academics have
conducted thorough investigations on parameter tuning, and ar-
tificial intelligence algorithms offer a promising approach to
address parameter optimization challenges in intricate nonlin-
ear systems [26-29]. Ref. [30] improves the traditional par-
ticle swarm optimization technique by utilizing the principles
of genetic algorithm theory. With this update, the algorithm’s
optimization scope and rates of convergence are increased, and
the ADRC parameters can be changed online. In comparison to
the standard ADRC, it exhibits superior position-tracking capa-
bilities and reduced correction time. Nevertheless, employing
a swarm intelligence algorithm to enhance the global parame-
ters of ADRC has challenges in ensuring control effectiveness
due to its extensive computational requirements and suscepti-
bility to local convergence. Without depending on the informa-
tion about the mathematical model of the plant, the radial ba-
sis function neural network (RBFNN) approach may be able to
determine the underlying nonlinear relationship through train-
ing. It only needs a small amount of training data [31-33]. The
RBFNN can obtain the adjustment information of controller pa-
rameters online and execute real-time parameter modification
by approximating any nonlinear function.

Based on the mathematical model of BIM, this research
presents an improved active disturbance rejection control
(IADRC) approach. An error integral has been included in
the nonlinear state error feedback (NLSEF) of the ADRC
to enhance the controlled system’s steady-state ability. Ad-
ditionally, the conventional fal function is replaced with a
smooth newfal function. The derivability, continuity, and
smoothness at the origin of this nonlinear function surpass
those of the classic nonlinear function. Simultaneously, the
enhanced ADRC’s parameters are automatically adjusted by
the utilization of the self-learning and self-adaptation abilities
of the RBFNN. The modeling and experimental findings
demonstrate that the IADRC technique, as described in this
study, enhances the reaction time, levitation performance, and
resistance to interference of the BIM control system.

2. WORKING PRINCIPLE AND MATHEMATICAL
MODEL OF THE BIM

2.1. Operational Principle of the BIM

The interaction between the two winding structures leads to a
coupling effect that disrupts the consistency of the magnetic
field. It is a condition for the realization of the formation of a

124

controllable levitation force in the BIM when the two sets of
winding pole pairs of the BIM stator satisfy P, = P, & 1; the
angular frequency satisfies w; = wo; and the magnetic field
generated by the torque winding and the magnetic field gener-
ated by the levitation force winding are in the same direction.
Fig. 1 depicts the formation principle of levitation force in the
BIM. Torque winding and suspension winding are denoted by
subscripts 1 and 2, respectively. Two symmetric flux chains,
11 and 19, are produced by applying current 7 to the torque
winding and current /5 to the levitation winding, respectively.
The two magnetic field types are combined within the motor,
resulting in an increase in magnetic field density. The motor
combines these two magnetic field types, resulting in a rise in
magnetic field density along the positive y-axis and a reduction
along the negative y-axis. A levitation force, Fy, is generated
in the positive y-direction as a result of the asymmetry of the
magnetism density in the air gap. The suspension force on the
rotor of the motor can be controlled by adjusting the size and
phase of the levitation winding current, resulting in a steady
suspension of the rotor [2].

y Flux density
F,

increase

1

Flux density
decrease

FIGURE 1. Generation principle of levitation force in the BIM.

2.2. Mathematical Model of the BIM

It is imperative to make the following assumptions while creat-
ing a mathematical model of the BIM.

(1) Exclude the effects of eddy currents and core losses.

(2) Disregard the impact of magnetic saturation on BIM.

(3) The windings of the BIM are presumed to be evenly dis-
tributed in space, and the magnetomotive force of the BIM is
sinusoidal.

The radial force component of the suspension section for the
BIM system may be mathematically represented as [4]:

F.=K (Z‘2sd¢1d + i2sqw1q)
Fy =K (i2sqw1d - iQdelq)

_ _mPiPLonm

KM - 18[1T1;LON1N2 (1)
_ PiN>

KL — 2r1N;

K=Ky+ Ky

where 114 and 11, denote the air-gap flux chain on the d-q
axis, respectively; I and Io,, are the components of the stator
current of the suspension winding in the d-q axis, respectively;
K ) is the Maxwell’s force constant; K, is the Lorentz’s force
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constant; I, and F), are the components of the levitation force
in the  and y directions for the BIM, respectively; [; is the
effective length of the core; r is the rotor’s outer diameter; and
N7 and N, are the effective numbers of turns of the torque and
suspension force windings, respectively.

The equation of motion for the rotor portion of the BIM may
be represented as [7]:

Fo=F.p+ Fy —mi

Fy=F.y+ Fyy —mjy 2
Te:Pild:Z;"—i-TL

where m is the rotor’s mass; 77, is the load torque; J is the
moment of inertia; F,, and I, are the outer disturbing force
components on the & and y axes, respectively; I, and Iy, are
the imbalanced electromagnetic pulling forces on the x and y
axes, respectively.

The two winding structures of the BIM are interconnected in
a coupling connection. When the BIM is controlled direction-
ally based on the air gap magnetic field:

V1a = V1, P1g =0 A3)
The torque equation may be converted into:
Te = lelilsq (4)

The suspension force equation may be converted into [8]:
Fr = Ki2sd¢1
{ =K )

Fy - K223q¢1

Hence, the torque of the BIM is regulated by the current flow-
ing through the torque winding, while the levitation force of the
BIM is governed by the current flowing through the suspension
winding.

3. DESIGN OF THE STANDARD ADRC IN THE BIM
CONTROL SYSTEM

The standard ADRC has three components: Track Differentia-
tor (TD), Nonlinear State Error Feedback, and Extended State
Observer. The controller employs the ESO to gauge and coun-
terbalance unknown disruptions in intricate nonlinear control
systems, therefore enhancing the system’s resilience to distur-
bances [16].

3.1. Design of the Torque ADRC

This study specifically addresses the closed-loop control of the
BIM. In order to do this, a first-order torque ADRC controller is
constructed for the torque system. Firstly, Equations (2) and (4)
are utilized to get the velocity state equation in the following
manner:
N P
G = —rineg = 5 To ©)
Based on the above equation, assuming that the total pertur-
bation of the velocity equation of state is f%TL, denoted as
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w(t), Equation (6) can be rewritten as:

. P
Wy = 7¢1215q +w (t) (7)

The ESO of first-order torque ADRC for the BIM can be
designed as:

&>
3

€1 = — Wy

@ = (t) — Pufal (e1, a1, 01) + P712 Y1l1sq
W (t) = —Bofal (e1, a1, 61)

®)

where @, is the estimated signal of the feedback speed; e; is the
error signal; w(t) is the estimated value of the overall pertur-
bance w(t); the ESO’s output error correction gains are denoted
by 1 and (2; oy and §; are adjustable parameters.

The fal function is a nonlinear function with the following
definition:

le] < ¢
le] > &

S ©)

|| sign (¢) ,

fal (e,a,€) = {

The torque track differentiator in the BIM system can be con-
structed as:

(10)

{ ey =11 — wy

Wk = —rfal(e1, a1, 01)

where w is the given velocity signal; v; is the tracking signal
of velocity w'; w; is the differential signal of the given signal;
is the velocity factor, the bigger r, the higher the tracking speed.

The NLSEF of torque ADRC in the BIM system can be de-
signed:

e=v1 — @y
ey = f(f edt
islqO = klfal (€0a 0/17 6/1) + szal (6, 0/1’ 61)

(11)

where w;. is the estimated signal of the feedback speed w;.; g is
the integral of the error signal; k1 and k5 are the regulator gains
of the NLSEF.

3.2. Design of the Suspension ADRC

The ADRC controllers in the z-axis as well as y-axis directions
of the BIM suspension system exhibit comparable designs. For
the z-axis direction, the equation of state for the z-axis may be
derived from the above Equation (2):

i’lzl'g
$2:%x1+%sz_%Fw (12)
Y=

where k; is the rigidity of radial displacement; the x-axis dis-
placement signal is denoted by x1; and the differential signal
corresponding to that displacement is represented by x5.

The overall perturbation in the equation for x-axis displace-
ment is defined by the imbalanced magnetic pull force F, and
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external disturbance force F’,, along the z-axis. This is further
expanded to include a new state variable, denoted as g3.

1 1

93:*Fsz+*Fzm (13)
m m

If we set g3 = g(¢), the original system will become linear:

.’tl = X9
o — _ 1
9_6‘2 =93 — 5, Fu (14)
g3 = g(t)
y=1x1
Thus, the ESO can be formulated as:
€y =21 —I1
21 = z2 — Pore2 (15)

iy =23 — = Fy — Boafal(e2, g1, 02)
Z3 = —foafal(ez, o2, 02)

where z; represents the estimated signal of the x-axis displace-
ment x1; z5 is the differential signal of the z-axis displacement
estimated value; zj3 is the estimated signal of the overall pertur-
bation estimated in real-time; and 5y1, Bo2, Bos, o1, g2, and
02 are the ESO parameters to be set.

The TD is intended to plan the transition procedure for the
specified displacement. It can be designed as:

gh = fhan(vi(m) — x*,va(m), 9, ho)
vi(m+1) = z1(m) + hxs(m)
va(m + 1) = xo(m) + hgh

(16)

where z*, vy, and vy are the given rotor displacement signal,
actual displacement signal, and its differential signal, respec-
tively; ro and hg are the function control parameters; and 5 is
the sampling period. The tracking speed increases with increas-
ing ro, while the filtering effect improves with increasing h.

The NLSEF for the second order suspended ADRC may be
formulated as:

€1 =0V — 21
€2 = V2 — 22
Foo = wifal(eq, oy, 6%) + wafal(ea, oy, 05)

)

where wy, wa, afy, &g, and 05 are the NLSEF’s adjustable
parameters, and empirical method was used in the selection of
these parameters.

4. DESIGN OF THE IMPROVED ADRC

The proposed IADRC, as outlined in this study, has two distinct
components: An enhanced control algorithm for the NLSEF
and an improved nonlinear fa/ function.
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4.1. Improvement of the NLSEF

The adjustable parameters k1 and kpyo in the NLSEF corre-
spond to the proportional and differential coefficients in con-
ventional PID controllers. The proportional link accurately rep-
resents the error signal of the regulated system in direct propor-
tion. The differential link can accurately indicate the direction
of the erroneous signal’s change and provide a prompt and ef-
ficient correction signal, therefore enhancing the system’s re-
action time. Increasing the proportionality coefficient £y of
NLSEF can therefore reduce steady-state error and enhance
tracking accuracy, but it will also increase the overshooting
amount and destroy the dynamic stability of the controlled sys-
tem. Increasing the differential coefficient ko of NLSEF can
improve the dynamic performance and response speed, but it
will also amplify the high frequency noise. Thus, in line with
the PID control theory, this work enhances the NLSEF of the
ADRC by including the integral of the input error into the first
stage system, and it can greatly enhance the controlled system’s
stable state performance. The state error, together with its inte-
gral and differential components, is integrated into the compen-
sated control variable u of the controlled system. As a result,
the enhanced NLSEF may be mathematically represented as:

€1 =U1— 21

€y = Uy — 29

es3 = fot e1 (1)dr

fny = fal (e1, an1,0n)

fno = fal (ea, ana, ON)

[nz = fal (e3, an3, 0n)

uo = kn1fniy + Enafng + knzfns

23

bo

(18)

U = ug —

where kn1, kno, and k3 are the gain factors, which corre-
spond to the proportional gain, differential gain, and integral
gain in the PID controllers. Augmenting the proportional gain
factor can expedite the transition phase and enhance the pre-
cision of observations; however, it will also amplify the over-
shoot. Augmenting the differential gain factor improves the
system’s dynamic performance and reaction time, but it con-
currently increases the noise. Augmenting the integration gain
factor can enhance the system’s steady-state performance, but
it will affect the dynamic process.

4.2. Improvement of the fal Function

From the expression of the function fal, it can be seen that the
smaller the value of « is, the more obvious the smoothness of
the traditional fa/ function is, corresponding to a greater degree
of nonlinearity. As ¢ increases, the linear interval of the tra-
ditional fal function increases. Therefore, when |e| = &, the
traditional fa/ function is not smooth. At this point, the deriva-
tive of the conventional fal function suddenly changes, result-
ing in poor performance of the control system. When || > 1,
a larger value of « will lead to an increase in the output signal
of the control system. Therefore, taking into account ADRC’s
limitation on the relationship between error and control gain,
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the traditional fa/ function is improved according to the follow-
ing requirements, so that the improved fa/ function is smooth
and differentiable in the whole real number domain.

(1) When |e| = 4, the improved fa/ function should be dif-
ferentiable and continuous;

(2) The improved fa/ function should ensure that the function
curve at the origin remains continuous and relatively smooth;

(3) When the control system error is large, the system gain
should be small to achieve better control performance.

For the error ¢, sine has better smoothness than ¢, and sec-
ondly arctan e has better convergence than 2. Therefore, at
le] < &, the improved fal function is designed by using the sine
function and inverse tangent function for interpolation fitting
according to the following method:

newfal (¢, a,€,m) = usine + ve? 4 warctan

19
where u, v, and w are the gain coefficients corresponding to the
error combinations; 1) is a constant.

Due to the inherent properties of sine and inverse tangent
functions, superior control performance can be achieved using
interpolated fitting of sine and inverse tangent functions com-
pared to conventional fa/ functions, while ensuring the function
remains continuous and differentiable during the interval. As a
result, the following prerequisites need to be satisfied in order
for the interpolated newfal function to be continuously differ-
entiable:

newfal (g, 0, &,n) = £°, e=¢
newfal (g, a,&,m) = =&, e=-¢
newfal' (e,0,&,m) = @1, e=¢
newfal' (e, a,&,n) = —£%, e=-¢€

(20)

According to the previous equation, the coefficients corre-
sponding to the errors can be expressed as:

B 5"‘—&5“71‘(1+§2)~arctan§

U= i &—arctan £-cos €-(1+£2)
v=0 @1)
w — (aﬁo‘*l-sinf—cos&-f“)(l+§2)

sin € —arctan &-cos &+ (14+£2)

By introducing a constant 7 as a constraint factor, the newfal
function can keep the gain small by adjusting 77 when the error
is large. Thus, when ¢ < |e| < 7 is used, the conventional
fal function remains unchanged. When |¢| > 7, the newfal
function is expressed as:

newfal (€, a, &, m) = |n|” sign (¢) 22)

Therefore, based on the above analysis, the improved non-
linear fal function designed in this paper can be expressed as:

usine + warctane, |e| <4
newfal(e, o, §,m) = |e|” sign (¢), d<lel<n (23)
In|® sign (¢) , el >
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4.3. Parameter Self-Tuning Based on the RBFNN

Both the ADRC structure for the BIM’s speed system and its
levitation system have been improved. The IADRC controller’s
primary ESO parameters are changed using the RBFNN to en-
hance the system’s capacity for anti-disturbance and more ac-
curately estimate the overall perturbation of the controlled sys-
tem. This improves the BIM system’s real-world performance
in both the static and dynamic domains.

The RBFNN’s input layer vector information is denoted by
X = [e1, y*, y], where e; denotes the observation error;
Here, y* denotes the input value, and y denotes the feedback
value. Therefore, the error approximation indicator function of
RBFNN can be written in the following manner:

=4 (24)

The hidden layer of the network’s radial basis vector informa-
tion is represented by H = [h1, ha, ..., h.,|. Because of its ex-
ceptional performance, the hidden layer’s radial basis function
is chosen to be a Gaussian function. This function’s equation is
as follows:

X-q?
hl(llX —Ci||)exp<—|| 2b26(l|| ) s 7= 1,2’-..

m (25)
where C; = [¢;1,¢2, ..., Cin] is the hidden layer neuron’s
Gaussian centroid vector; B; = [b;1, bsz, ..., biyy] 1s the hidden
layer node’s base-width length vector, which controls the neu-
ron’s sensitivity; ||-|| is the hidden layer node’s Euclidean vec-
tor paradigm; and the weight vector is represented by W =
[wy, w3, ..., wn]. The RBFNN’Ss output layer can be shown as
follows:

m
yi =Y wihj, j=1,2,...m (26)
j=1

The core of the design of the RBFNN model is to determine
the parameters of the implicit layer basis functions ¢;, b;, and
connection weights w;. The gradient descent approach is used
to learn and train the network model parameters as well as to
modify the network parameters. The following is the precise
training formula:

Aci (m) = =050

=ne; (m)w; (m — 1) h; (x (m)) %
ci (m) = c; (m — 1) + Ac; (m)

+aq (¢ (m — 1) — ¢ (m — 2))

Ab; (m) = —7763?775:’_1)1)

=ne;j(m)w;(m — 1)h; (x(m)) W—(ﬁ;l)\lg 27
bi (m) = b; (m — 1) + Ab; (m)

+aq (b (m —1) — b; (m —2))

Aw; (m) = _n% =ne; (m) h; (x (m))

Wij (m) = Wij (m - 1) + Awij (m)
o (wij (m — 1) —w;; (m — 2))
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FIGURE 2. Parameter self-tuning structure diagram of the IADRC.
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FIGURE 3. The general block diagram of the BIM control system.

where o represents the momentum factor and corresponds to
the interval [0, 1], and 7 represents the learning rate.

The suspension system’s ADRC controller’s ESO settings
are changed to improve the BIM operating system’s control ef-
fectiveness, with an example provided by the 3-6-1 type three-
layer RBFNN structure in the z-axis direction. The structure of
the self-adjustment of the IADRC parameters is illustrated in
Fig. 2.

The optimization step may be explained as follows:

Step 1: The architectures of IADRC and RBFNN are estab-
lished, and the corresponding parameters are initialized,;

Step 2: The anticipated control input, achieved control out-
come, and related control quantity are acquired,

Step 3: The difference between the RBFNN’s output value
and the real control output is computed. Proceed to step 5 if the
variance meets the performance index; if not, proceed to step 4;

Step 4: The network center vector, base width vector, and
weight vector of the RBFNN are altered;

Step 5: The computation of the Jacobi matrix information is
performed.

Step 6: The ESO parameters Bg1, Bo2, and [y3 are adjusted
by the gradient descent method to output the optimal parameters
of the controller;

Step 7: The control quantity is computed and produced based
on the optimization outcomes;
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Step 8: Verify whether there is a discrepancy between the
observed control outcome and the anticipated input. If there is,
continue to step 2. Alternatively, conclude.

The controlled object’s Jacobi information is obtained by
RBFNN learning, where RBFNN modifies the extended state
observers (o1, So2, and [y in the IADRC. Similarly, the pa-
rameters (31 and 35 of the ESO in the IADRC in the first-order
torque system’s TADRC can be tuned online.

5. SIMULATION AND EXPERIMENTAL RESULTS
ANALYSIS OF THE CONTROL SYSTEM

To confirm the efficacy of the recommended approach in
the BIM control system, a simulation model that utilizes
air-gap flux orientation control of the BIM is built in MAT-
LAB/Simulink. The efficiency of the conventional ADRC
controllers as well as the IADRC controllers in BIM control
has been demonstrated by simulation. The overall structure of
the designed BIM control system is shown in Fig. 3. The BIM
simulation parameters are displayed in Table 1.

5.1. Simulation Results and Discussions

Figure 4 displays the rotational velocity response characteris-
tics of the BIM under the two control strategies. By setting the
target speed of BIM to 3000 r/min, both ADRC and IADRC
can ultimately reach a stable condition. When the ADRC tech-
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TABLE 1. The parameter of the BIM.

Parameter Torque winding  Suspension Winding
Core length (m) 0.105 0.105
Rated power (kW) 1 0.5
Rotor mass (g) 2850 2850
Rated current (A) 2.86 2.86
Moment of inertia (g-m)? 7.69 7.69
Stator and rotor mutual inductance (H) 0.15856 0.00932
Rotor resistance (£2) 11.48 0.075
Stator resistance (£2) 2.01 1.03
Rotor leakage inductance (H) 0.00922 0.00542
Stator leakage inductance (H) 0.00454 0.00267
stator outer diameter (mm) 128 128
rotor outer diameter (mm) 82 82
stator inner diameter (mm) 83 83
stator inner diameter (mm) 30 30
3000+ =
2500} 3050\‘ 3050 4 .
5 1500} zzzz 00
é_ 1000+ 0.06 0.07 0.08 0.09 0.30 0325 0.35 i
— o
Y 0 005 01 015 02 025 03 035 04
Time(s)

FIGURE 4. Control result of speed part.

0-2 T T T T T T T
0.2
—— ADRC

_ 0.1 o 0]‘\"__ L--- IADRC | ]
E 0 b 020502 0.04 0.06 A
-4 0.05 0.05

-0.1 — o F\— — 0 —/\\/(\. |

02 R ) S P

o 0.05 0.1 015 02 025 03 035 04
Time(s)

FIGURE 5. Control results of radial displacement in the x-direction of
the suspended part.

nique is used, the BIM system is able to reach a stable rota-
tional state in just 0.09 seconds. The BIM speed, while using
IADRC, achieves the target speed in 0.065 seconds and is not
beyond it. The data show that the initial performance of BIM
under IADRC is better.

Att = 0.3s, a 9N-m load was applied abruptly, the rotat-
ing speed decreased by 98 r/min using the ADRC approach and
returned to a stable speed within 0.025 seconds. However, the
velocity of the BIM using the IADRC technique was reduced
by 35 r/min and then returned to the desired velocity after 0.011
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0.2F 0.2 —— ADRC ]
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= 0.1~ L --- IADRC -
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FIGURE 6. Control results of radial displacement in the y-direction of
the suspended part.
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seconds. In summary, the superiority of the recommended
IADRC strategy is visible in terms of its anti-disturbance per-
formance.

Figure 5 shows the radial displacement control characteris-
tics of the BIM in the z-axis direction under the two strategies.
According to Fig. 5, the rotor’s center of mass is positioned at
the initial location of 0.15 mm on the x-axis, and the traditional
ADRC algorithm achieves the desired value in around 0.09 sec-
onds. The radial displacement reaches a maximum amplitude
of 0.12 mm. The control performance of the BIM is much im-
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FIGURE 7. Torque output characteristics under two methods.
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FIGURE 9. Experimental graph of rotational speed under two control
methods.

proved by optimizing the control law and the nonlinear function
of the NLSEF and by fine-tuning the major control parameters
of the IADRC controller using the RBFNN. The control per-
formance is much enhanced while using IADRC. In Fig. 5, the
radial displacement of the IADRC experiences a 50% reduction
in its maximum amplitude compared to the traditional ADRC.
Furthermore, the IADRC is significantly outperformed in terms
of the time needed to achieve a stable condition compared to the
traditional ADRC. A sudden 5N disturbance force is applied at
0.3 seconds to assess the robustness of the two controllers. The
findings demonstrate that the ADRC displays oscillations char-
acterized by a maximum amplitude of radial displacements of
25 pum and a regulation time of 0.022 s. The IADRC has a max-
imum amplitude of radial displacements of 10 um and a regu-
lation time of 0.018 s. In addition, when the BIM is suddenly
subjected to a disturbance force of 10N at 0.3 s, the maximum
amplitude of the radial displacement of the rotor in the x-axis
direction of the BIM is 44 um with a regulation time of 0.038 s
under the ADRC control method, and the maximum amplitude
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FIGURE 8. Experiment platform of the BIM.

of the radial displacement of the rotor is 26 wm with a regulation
time of 0.027 s under the IADRC control method. Therefore,
this study introduces a suggestion for improving the framework
of the traditional ADRC. The key variables of ESO in the im-
proved ADRC are fine-tuned by the use of the RBFNN. The
IADRC method improves the ability of the BIM control sys-
tem to resist interference.

Figure 6 shows the radial displacement control features of
the BIM in the y-axis direction for both techniques. Like the
z-axis direction, the IADRC method accelerates the process of
reaching a steady state and decreases the maximum amplitude
of the radial displacement. Conventional ADRC has relatively
weak control performance and immunity to interference ability.
As aresult, the IADRC in complex system control can enhance
system performance and produce favorable control outcomes.

Figure 7 illustrates the torque control features of the BIM
using two distinct methodologies. The torque of the BIM un-
der the IADRC method drops to 0 faster and outperforms the
starting performance of ADRC. Under the IADRC approach,
the motor’s torque stabilizes more quickly and exhibits reduced
torque pulsation compared to the ADRC method when a 9 N-m
load is suddenly introduced. Additionally, this demonstrates
that the JADRC has exceptional initial performance and re-
silience against load perturbations. Due to the structural im-
provement of ADRC and the optimization of key parameters
based on the RBFNN, the IADRC method has less oscillation
phenomenon during the whole control process and is even bet-
ter in terms of the stability of the BIM operation system.

5.2. Test Results and Discussions

As seen in Fig. 8, a BIM prototype and an experimental plat-
form are constructed to confirm the viability and effectiveness
of the proposed control strategies in actual application scenar-
ios. In the experiments, TMS320F2812 is used as the DSP chip
for BIM control, and the sampling frequency is set to 20 kHz.
The control performance of the velocity and levitation part
of the BIM under the ADRC and IADRC methods are experi-
mentally verified on the prototype testbed as shown in Fig. 8.
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FIGURE 10. Displacement diagram under two control methods. (a) Ra-
dial displacement of the rotor under ADRC. (b) Rotor radial displace-
ment under JADRC.

Figure 9 illustrates that the torque component of the BIM
achieves rapid attainment of the desired speed with an adjust-
ment time of 100 ms when using the IADRC. The standard
ADRC has a similar adjustment time of 150 ms, which is at-
tributed to the restrictions of parameter invariance. As seen
from Figs. 10 and 11, when comparing the IADRC technique to
the standard ADRC approach, it is seen that the IADRC method
exhibits less volatility, enhanced resistance to external distur-
bances, and increased stability of the rotor’s operation near the
equilibrium position. As a result, the experimental results in-
dicate that the BIM system shows exceptional dynamic perfor-
mance when employing the IADRC control approach.

6. CONCLUSION

To enhance the quickness of responsiveness and suspension
performance, this research proposes an IADRC technique to
enhance the disturbance immunity of the BIM control system.
The following inferences can be made based on the analysis of
the theoretical and simulated experiment results.

(1) Using the RBFNN’s approximation ability to any non-
linear function, the setting variables of the ESO in the IADRC
controller are self-tuned, while the NLSEF and nonlinear fal/
functions in the standard ADRC structure are enhanced.

(2) The findings of the simulation confirm that the suggested
approach is both workable and efficient. The suggested IADRC
technique enhances the BIM control system’s response time and
anti-interference capability compared to the standard ADRC.

(3) The experimental findings demonstrate that compared to
the standard ADRC, the suggested IADRC approach reduces
the reaction time of BIM speed by 33%, resulting in a decreased
fluctuation in the centroid of the rotor. Hence, the approach

) _
=
z
g
2
A
4
x(50pm/div)
(b) )
=z
Z kY
El *
S
L
>\
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FIGURE 11. Experimental diagrams of rotor centroid trajectories under

two control methods. (a) Rotor center of mass trajectory under ADRC.

(b) Rotor center of mass trajectory under IADRC.

described in this study can improve both the rate of response
and the levitation properties of the BIM.
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