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Robust Adaptive Cerebellar Model Articulation Controller for 1-DOF Nonlaminated Active
Magnetic Bearings

Ngoc Hoi LE, Thanh Quyen NGO, Dinh Khoi HOANG, Quang Dich NGUYEN, Duc Thinh LE, Tung Lam NGUYEN*

Abstract: This paper presents a robust adaptive cerebellar model articulation controller (RACMAC) for 1-DOF nonlaminated active magnetic bearings (AMBs) to achieve
desired positions for the rotor using a robust sliding mode control based. The dynamic model of 1-DOF nonlaminated AMB is introduced in fractional order equations.
However, it is challenging to design a controller based on the model's parameters due to undefined components and external disturbances such as eddy current losses in
the actuator, external disturbance, variant parameters of the model while operating. In order to tackle the problem, RACMAC, which has a cerebellar model to estimate
nonlinear disturbances, is investigated to resolve this problem. Based on this estimation, a robust adaptive controller that approximates the ideal and compensation controllers
is calculated. The online parameters of the neural network are adjusted using Lyapunov's stability theory to ensure the stability of system. Simulation results are presented
to demonstrate the effectiveness of the proposed controller.The simulation results indicate that the CMAC multiple nonlinear multiple estimators are close to the actual
nonlinear disturbance value, and the effectiveness of the proposed RACMAC method compared with the FOPID and SMC controllers has been studied previously.
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1 INTRODUCTION

AMB is an electromechanical device that employs
magnetic field to levitate and manipulate the rotor position
to prevent physical contact between the rotor and stator.
The system, therefore, has no friction or abrasion. Besides
the fact that it does not need to be lubricated,
electromagnetic bearing also has a long lifespan and hence
can reduce environmental pollution. It has been used
widely in many applications and areas such as
transportation, aerospace, energy, and high-technology, i.e.
high-speed CNC machines [1-3]. Exhibiting its precious
advantage in high-speed applications, it is preferable to use
non-laminated AMB over laminated one due to its physical
strength and endurance.

One of the significant problems when controlling the
nonlaminated AMB is that the dynamic model of the
system is affected by nonlinear disturbances, i.e., eddy
current losses in the actuator, external disturbance, and
variant parameters of the model while operating. Hence it
is difficult to establish an accurate mathematical model for
the system, which decreases the effectiveness of model-
based control approaches. In contrast, using their learning
capability, intelligent control methods can generally
eliminate the effect of variant parameters or unknown
disturbances. Moreover, they also remove the necessity of
knowing detailed information about the system during the
design process.

Along with the development of the AMB system, in
the past decades, there have been many classic control
methods such as PID control, modern control such as
optimal control, adaptive control, sustainable control and
nonlinear controls such as Backstepping control, and
sliding mode control. Especially in recent years,
intelligence such as fuzzy control, adaptive PID control,
and neural network control [4-10] has been developed and
applied to control the desired position of the rotor in a
conventional magnetic bearing (AMB) system where the
actuator has a layered structure. For the case of non-
laminated magnetic drive [11-14] almost no research on
intelligent control in general and neural network on control
in particular has been published. The authors only apply

classical control methods to frequency domains such as
PID, FOPID [15], FBL [16], FBL-PID [16]. Especially for
a non-laminated magnetic bearing actuator containing a
fractional derivative that represents eddy current losses in
the actuator, while the magnetic bearing is composed of
thin engineered steel sheets. Often ignore eddy currents
and dynamics that do not contain fractional quantities. On
the other hand, the problem of control for objects whose
dynamics contain exponential derivatives is a relatively
new problem, developed only within the last decade.

Due to the response to the PID, FOPID, and SMC
controllers [17] can be considered to satisfy the
requirements of the drive from the non-laminated structure
when considering the system to work without changing
model parameters over time. However, magnetic bearing is
an object with uncertain parameters, and this is a limitation
that PID, FOPID, and SMC controllers cannot overcome.
Therefore, to overcome the disadvantages of RACMAC,
the traditional PID, FOPID and SMC controllers are
replaced to stabilize the non-laminated magnetic drive
system. Since then, the comparison results between the
proposed RACMAC and the conventional control methods
PID, FOPID and SMC have been studied for the drive from
the original structure. The results show that the proposed
method for the quality is suitable for the drive better
disturbance variation than PID, FOPID, FBL and SMC.

The new contributions of the paper can be summarized
as follows:

(1) In this study, we have successfully built a
mathematical model on the time domain of the non-
laminated active magnetic bearing structure under the total
nonlinear disturbance, including external load force acting
on the rotor, model uncertainty, and disturbances due to
eddy current loss.

(il)) RACMAC structure including CMAC to estimate
the nonlinear disturbance and ideal controller
approximation based on the robust sliding mode control is
proposed for AMBs. Thanks to advantages such as flexible
adjustment of network parameters, fast response and good
adaptation to changing nonlinear disturbances, RACMAC
overcomes the disadvantages of traditional controllers such
as PID and FOPID.

Tehnicki viesnik 30, 5(2023), 1411-1418

1411



Ngoc Hoi LE et al.: Robust Adaptive Cerebellar Model Articulation Controller for 1-DOF Nonlaminated Active Magnetic Bearings

(iii) The simulation results demonstrate the advantages
of the proposed RACMAC and show the superior response
of the proposed controller in terms of adapting to changes
in nonlinear disturbance better than FOPID [22], and SMC
[17] studied for non-laminated magnetic drives.

The paper is organized as follows: Section II briefly
describes the mathematical model of 1-DOF nonlaminated
AMB. Section III.1 presents the scheme of RACMAC used
in this work to control the rotor position of the
nonlaminated AMB. The detailed designing procedure will
be outlined in Section II1.2. The adaptive learning rules of
RACMAC are constructed based on Lyapunov's stability
theory [23], [24] to ensure the convergence of the network
and the observability of the system in the closed-loop
control system. Then in Section IV, the simulation results
of the nonlaminated AMB system in the case of having
external disturbances will be given to demonstrate the
capability of the proposed RACMAC. Finally, our
conclusion and discussion are provided in Section V.

2 MATHEMATICAL MODEL

Consider a nonlaminated electromagnetic C-shaped
stator as shown in Fig. 1 [15-19].

Figure 1 Nonlaminated AMB C-shaped

The structure of the control system is illustrated in Fig.
1. It consists of a rotor attached freely at the desired
distance x to the electromagnetic actuator (stator), and a
distance sensor measures the deviation x between the actual
position of the rotor and the desired position xo. The
controller then uses this information to calculate a control
signal to keep the rotor at the desired position, which
means to balance the gravitational force F, = mg of the
rotor and all external forces F1. applied in the vertical plane.
The control signal is then transferred to the amplifier to
generate an alternative current for the electromagnetic
actuator. This current creates an electromagnetic force F
to maintain the position of the rotor. In general, the control
law actions as follows: when the rotor moves downward
from the desired position, a signal is generated from the
controller to increase the electromagnetic force to pull the
rotor upward and vice versa. According to [11-14], [18] the
nonlaminated electromagnetic force in the frequency
domain is described as follows:

R’ R’
F(S)ZKiml(S)+meX(s) (0

where s = jo denotes the Laplace operator, I(s) and X(s)
are the control current and the deviation between the
desired position and the actual position in the frequency
domain. The eddy current coefficient is expressed:

I, b 64b° na o
=y 2 20 np| 2 (2a)
4(a+b) 3a wd? 2b )\ w14

where a is half-height of magnetic pole, b is half-width of
magnetic pole. The length of magnetic field line /; is
[, =2h+2c¢, p is relative permittivity, uo vacuum

permittivity, ¢ is the conductivity of iron, c is length of
stator, # is Length of rotor (Fig. 1). The static coil's

. 0 .
resistance R~ is:

1 I,
R’ = —[2x0+—lj (2b)
;UOA Hy

where 4 = 4ab is the area of cross section of the magnetic
pole, xo is the length of the gap between stator and rotor.
The proportional current coefficient K; is:

2N%,

K. =
()

1

(2¢)

The coefficient proportional to the deviation K,

1 (2ni, Y
" (r') ( ﬂojj 20

where N is the number of wires, iy denotes bias current.
Then, the electromagnetic force in the frequency domain
Eq. (1) is rewritten as follows:

ks

RO

F(s)+

F(s):Kil(s)+KxX(s) 3)

Taking the inverse Laplace transform of Eq. (3), the
electromagnetic force in time domain F(¢) is obtained as
follows:

k dl/zF (t)
B oan

F(1)+

=Ki+Kx “

where i is the control current in time domain. x is the
deviation between the desired position and the real position
in time domain. Based on the second Newton's law, the
dynamic equation of the C-shaped can be described as:

dz
m—;czF(t)—mg+FL ®)]
dt
where F is the external disturbances Load, m is the rotor's

mass, and g denotes the gravitational acceleration. From
Eq. (5) and Eq. (4), we have
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2 d1/2F t

> m| R di'? m (6)
:f(x,t)+g(i0)i+d(x,t)
where
1 K.
9t =—— Kx s ] :_19
Fot) ==L (K xmg). o) ="

1 k dl/zF(t)

d(x’t)=;[thT+FL]

Notice that d (x,t) is a nonlinear dynamic function

that is difficult to determine precisely. Therefore, it is
difficult to design a model-based controller to respond well.

In addition, the actual value f(x,¢),g(iy) can be divided
to the nominal component f;, (x,t) , 80 (io) and the

parameter uncertainties Af, (x), Ag, ( iy ) . Then, the Eq. (6)

becomes:

o
dr?

:[fo (x,7)+Afy (x,t)]+[g0 (i) +Ago (’b)]”

+d (x,0)= fo (x.0)+ gy (ig)i+1(x.1)

(7

Assumption 1.
/ (x,t) is the nonlinear disturbance component that is

limited by a positive constant L as follows:
[(x) < L, ®)

3 RACMAC DESIGN
3.1 Structure of Ideal Controller

The controller's objective is to keep the rotor position
x close to the input signal xq. Thus, defining the error is as
follows:

e=x4—x )

The sliding surface of the error integral is defined as
s=érhke+ky[e(r)d (10)

The ideal controller is designed as follows:

i =m[xd — fo () =1(x,0)+ K] (1)

where K =[k, K, ]T JE=[é e]T
From Egs. (9) to (11), the time derivative of the sliding
surface is obtained as follows:

§=0 (12)

It can be seen from Eq. (12) that the error will equal
zero. However, the ideal controller in Eq. (11) cannot be

determined since we do not precisely know /(x,t). To

resolve this problem, we propose a control scheme that
comprises a CMAC and a compensation controller
designed as follows:

i =lcmac Hicc (13)

where icyac 18 used to approximate the ideal controller iiq

and i is designed to achieve robust tracking performance.

3.2 Ideal Controller Approximation Using CMAC

The main purpose of CMAC is to estimate the
nonlinear disturbance / (x, t), which includes: the fractional

derivative of the nonlaminated electromagnetic force,
external disturbances, and uncertain parameters. From Eq.
(6) and Eq. (7), the disturbances can be rewritten as follows:

(x,t) = My (x,8)+ Agy (i )i +d (x,1) (14)

Assoc Memory Space
] Weight Memory Space

Input Space

@, =—F, Exp{‘ 7”

' Figure 2 Structure of CMAC

As shown in Fig. 2, CMAC consists of five spaces:
input space, association memory space, receptive field
space, weight memory space, and output space. The main
function of each space is summarized as below:

1) Input space: The input of CMAC. The input vector

is defined as x :[xl,xz,. . .,xN], where N is the number of
input signals.

2) Association memory space: each block in the
association memory space contains an activation function
of CMAC and it has several layers. In this work, we use the
wavelet function

_F?
o ==F; exp{T”] (15)

Fy=—"- (16)

where o; and vj are the center and width of the activation
function of the i-th input and j-th layer, j =1,2,...,n.
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3) Receptive field space: with input x, the receptive
function can be described as

=1 (17)

4) Weight memory space: This space determines the
adjusted gain of the output of weight memory space:

T
Wyps s W, ],pzl, 2, ...ny (18)

W, = [W np

p Ip>

5) Output space: the output of CMAC is:

v, =Wyl (19)
where
M Wiy I
w, = e 3 l=
Wpi Wony Ly

Define the optimized control law for the ideal
controller as follows:

ig=WTL +A (20)

where A is approximated error and #*, L* are the matrices
and vectors of the optimized parameters of W, L,
respectively. In general, verifying these matrices and
vectors for the ideal controller is unrealistic. Hence, we use
icmac as the online estimated value of iiq. The estimated
function of the control law for icmac is defined as:

icmac =W'L (21)

where W, L are the estimated matrix and vector of W,
L*. The estimated error is then calculated as:

;:iid_iCMAC
WL +A-WTL (22)
=WIL+WIL+WTL+A

where W =W —W and L = L' — L. Here Taylor expansion
is used to approximate a nonlinear function to a linear one:

L=Lo+Lyv+{ (23)
where:

I - % oL, oL,
° do do  do

L = oL oL OLy
Y ov Ov ov

¢ is the high-order component. Substituting Eq. (23)
into Eq. (22) we obtain:

G+WILy+WIE+WTL+A (24)
+

where: e =WT ¢+ WTL+A is an uncertain parameter.

Assumption 2.
The uncertain parameter ¢ is assumed that bound in
positive constant K.
0<e<K, (25)
The robust tracking controller is defined as follows:

icc = Keesgn(s) (26)

For the SMC controller, the sigmoid switch function is
used to reduce the chattering:

Sigmoid(s) = -1 27)

—Ssa

I+e
3.3 Stability Analysis

Theorem 1. Consider the nonlaminated active
magnetic bearings described in detail in Egs. (1) to (7) and
bounded unknown disturbance mentioned in Assumption 1
and Assumption 2. Then, the system obtains stability
according to the Lyapunov theorem and Barbalat's lemma
by using the control law Eq. (21), and the robust tracking
controller Eq. (26).

Proof: To demonstrate the stability of the control
system, we define a Lyapunov candidate function as

y-Llg +Lzr(WTW)+—5T5+2L9Tﬁ (28)

Differentiating Eq. (28) and using Eq. (24), Eq. (26)
lead to

Vi Vo Yy

1% =ss‘—itr£vfﬂ Wj—iaT 5-L5T 5

wosro a1 . 1
=X (SL—v—ij)+oT (.eLﬁW—V—oj (29)

w o

Yy

' (SLCW - Lﬁj +5&—Sice
Eq. (29) suggest that the adaptive law is calculated as
follows:

W, =v,sL (30)
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A

o=vsITW (31)
v=vsITW (32)

where v,, », and v, are small positive constants used to
adjust the learning speed. Substituting Eqgs. (30) to (32) into
(29) yields:

V =s&—sKcesgn(s)

(33)
=s(&—-Kccsgn(s))
From the Eq. (25) and Eq. (26), the Eq. (33) obtains
V <0 . According to the Lyapunov theorem and Barbalat's
lemma, we can conclude that the closed-loop system with
the proposed RACMAC is globally asymptoticly stable.

4  SIMULATION EVALUATION
4.1 Simulation Setting

In this section, we present the simulation results of the
proposed RACMAC scheme on a nonlaminated
electromagnetic with the dynamic model, as shown in Fig.
3. The system's parameters are chosen as in Tab. 1.

. Adaptive
Sliding | & .
¢ Law

Robust
Controller

"

X

Robust adaptive cerebellar model articulation controller
(RACMAC)

Figure 3 Structure of the control system proposed RACMAC for nonlaminated
AMB C-shaped

Table 1 Parameters of the nonlaminated electromagnetic bearing

sliding mode control and the fractional-order PID (FOPID)
presented in [15, 19, 20]. We use the FOMCON toolbox of
MATLAB [19] to simulate the FOPID controller. The
RACMAC uses the parameters shown in Tab. 2.

Table 2 Parameters of RACMAC

Parameters Symbol Value
Half-height of magnetic pole a 7.5 mm
Half-width of magnetic pole b 2.5 mm

Length of stator c 20 mm
Length of rotor h 30 mm
Conductivity of iron a 2.5 x 10° S/m
Relative permittivity U 5000
Vacuum permittivity Ho 4 x 107 T.m/A
Mass of rotor m 2.25kg
Length of the gap between stator o 02 mm
and rotor
Number of wires N 1200
Bias current iy 02A
Area of cross section of magnetic 4 75 x 1076 m?
pole
Maximum current in the magnetic .
Imax 1A
pole
Static magnetic resistance R 4.4563 x 10° A/Wb
Current coefficient K; 307.7479 N/A
Displacement coefficient K. 2.9309 x 10° N/m
Eddy coefficient k 5.1619 x 10* A/Wb

To evaluate the advantages of RACMAC, we
compared the proposed controller with the conventional

Parameters Symbol Value
Center of activation function 0 [-0.1...0.1]
Width of activation function v 0.2
Number of layers n 25
Weight of memory w 80
Bound of estimated error K. 0.0001
Gain coefficient K ki, k> 2500, 12500
Learning speed Vo, Vys Vi 1

In order to demonstrate the effectiveness of the
controller, the simulation is performed with two scenarios
as follows:

Scenario 1: Force the rotor from the initial position
(xo = —0.2 mm) acto track to the sinusoidal signal with a
frequency of 6 Hz. At time ¢ = 0.2 s, there is an external
load disturbance FL = 6 N acting on the rotor, model
uncertainty, and the fractional derivative of the
nonlaminated electromagnetic force.

Scenario 2: Drive the rotor from the initial position (xo
=—0.2 mm) to track the desired signal xq = 0. At time ¢ =
0.2 s, there is a sinusoidal increase in external load
disturbance: F1 = 150sin(1007) acting on the rotor, the
uncertainty and the fractional derivative of the
nonlaminated electromagnetic force are added.

4.2 Simulation Result and Discussion
4.2.1 Result of Scenario 1

Simulation results for the proposed RACMAC in
comparison with classical FOPID controller (P/ A pH ) for

the case are shown in Figs. 4 to 7. According to Fig. 4, the
total nonlinear disturbance is relatively small. The CMAC
estimate closely follows the actual total nonlinear
disturbance value. Only after 0.02 s since the initial
transient, the nonlinear disturbance, which is just
disturbance caused by eddy currents in the actuator, is quite
small and since 0.2 s, when there are many externals and
model parameters change the value. The estimated value is
also very close to the actual nonlinear disturbance value.
Since 0.2 s, when there is the external disturbance and the
model's parameter uncertainty affects the rotor, the total
disturbance has increased by about 6 (N/kg).

20

0

220

-40 -

Disturbances 1(x) (N)

— Actual Disturbances iDisturbances Estimation (CMAC)

-60
0 0.05 0.1 0.15 02 025 0.3 0.35 0.4

Time (s)
Figure 4 Response of CMAC under F.= 10

The position and error are shown in Figs. 5, 7 and Tab.
2 for the case where the set signal is sinusoidal. As can be
observed, the rotor using the proposed controller responds
fast and only takes 0.005 s to reach the designed position.
At the time = 0.2 s when the load disturbance of the model

Tehnicki viesnik 30, 5(2023), 1411-1418

1415



Ngoc Hoi LE et al.: Robust Adaptive Cerebellar Model Articulation Controller for 1-DOF Nonlaminated Active Magnetic Bearings

is added, due to the small magnitude of the load
disturbance, both RACMAC, SMC and FOPID still stick
to the set position, and the oscillation of the signal is small.

=
[

Position (mm)

----'R:eference.i FQPID—ESMCE— - CNiAC
0 005 01 015 02 025 03 035 04

Time (s)
Figure 5 Position of the rotor under FL= 10

Current (A)
(=}

FOPID ——SM(C - - -CMAC

0 0.05 01 015 02 025 03 035 04
Time (s)
Figure 6 Control current of the system under F.= 10

0.2 T
i : : e (fopid)

e 3 3 ——e{(sme)
g L —e;[cmac)
= 0 :
2
&3]

_02 i i i i i i i

0 0.05 0.1 015 02 025 03 035 04
Time (s)
Figure 7 Error of the rotor under FL= 10
4.2.2 Result of Scenario 2

The results are shown in Figs. 4 to 11, in the same
Scenario 1, the simulation results of the position response
and the error of the rotor position under two control actions
are shown in Figs. 8 to 11. According to Fig. 8, the results
are similar to case 1. The estimated disturbance value of
CMAC closely follows the actual nonlinear disturbance
value in a short time for both periods without nonlinear
disturbance (0-0.2 s), and the period with external
disturbance acting on (0.2-0.4 s later), but the disturbance
value is more significant than Scenario 1.

\,z" ..... v ......... \v ....... 4

i]_)l.\lu(bklih_l:s Estimation {CMAC)

50 b

-100 — Actual i_)ls[urbuni.l::
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Time (s)
Figure 8 Response of CMAC under F= 150sin(100t)

Disturbances 1{x) (N)

e

Position (mm)
[
s

=== Reference +— FOPID —SMC — = CMAC

o
o

015 02 025 03 035 04
Time (s)
Figure 9 Position of the rotor under F.= 150sin(100¢)

0 0.05 0.1

0.2 5
= ¢ (fopid)
2 0.1 : : : : i : e {sme) -1
2 0 H H A A
E : : : - ; e
-0.1

0 0.05 0.1 015 02 025 03 035 04
Time (s)
Figure 10 Error of the rotor under F.= 150sin(100t)

FOPID —— SMC, - - - CMAC

Current (A)
=

-1

015 02 025 03 035 04
Time (s)
Figure 11 Control current of the system under F.= 150sin(1001)

0 0.05 0.1

4.2.3 Discussion

The results of the parameters showing the quality of
RACMAC compared to FOPID and SMC are shown in
Tabs. 3 and 4. From the results shown in Tabs. 2 and 3, the
authors found that the parameters of quality of the kit The
proposed RACMAC controller is better than traditional
controllers such as FOPID and SMC, specifically as
follows: For PID, the overshoot is quite large, for
RACMAUQ, it is not available. The values such as distance
deviation, settling time, and maximum error of RACMAC
have a smaller value than FOPID and SMC, thus it can be
confirmed that the proposed controller has better control
quality than traditional controllers such as FOPID and
SMC, especially in terms of the disturbances. From this,
RACMAC has improved performance and can adapt to the
disturbances better than other controllers like FOPID and
SMC. This also shows the advantages of RACMAC and
proves that our proposed controller is promising in
controlling the nonlaminated AMB system.

Table 3 Output values of controllers under Scenario 1

Value FOPID SMC CMAC
Overshoot 149 um No No
Distance tracking error 7.45 um 1.95 pm 1.90 pm
average
Settling time 0.03 s 0.01s 0.005 s
Maximum tracking 230 um 2430um | 173 um
error
Table 4 Output values of controllers under Scenario 2
Value FOPID SMC CMAC
Overshoot 155 pm no no
Distance tracking error 8.50 um 3.50 um 228 pm
average
Settling time 0.03 s 0.01s 0.005 s
Maximum tracking | 3,0 53,00 | 3228 'm | 2.60 um
error

5 CONCLUSION

This paper presents a RACMAC scheme to control the
rotor position of the 1-DOF nonlaminated AMB and apply
it successfully to the simulated system to acquire the
desired position of the rotor. The significant advantage of
the proposed control scheme is that the dynamic model
does not need to be fully acknowledged and requires no
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strict restrictions. CMAC estimates nonlinear disturbances
such as eddy current loss, friction, external disturbance,
and variant parameters of the model. We also present the
stability proof of the controller using Lyapunov's theory.
The simulated results show that the electromagnetic
bearing can respond to changing the input trajectory under
the condition of disturbances. Simulation results compared
with SMC and FOPID show that the RACMAC method
proposed performs better than SMC and FOPID under
external disturbance and parameter uncertainties. In the
future, the 1-DOF nonlaminated AMB model will be
further analysed using Ansys Maxwell software and
experimental results are also targeted.
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