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Abstract—A new approach fuzzy active-disturbance rejection
position controller of the bearingless induction machine (BIM)
servo system is presented in this paper. This work investigates the
application of the Active Disturbance Rejection Control (ADRC)
Fuzzy technique on the stabilization and control of the rotor
radial position of a bearingless induction machine with split
winding. A control model for the radial position problem is
proposed, and the ADRC-Fuzzy is used, aiming to improve the
closed-loop system dynamic when a changing load occurs on the
output. The simulations showed that the controller could stabilize
the plant and reject disturbances. These results will guide a future
experimental validation of the problem.
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, Maxwell

heart were able to extend its operational period to an interval
of more than ten years thanks to the elimination of mechanical
contacts [4].
The systems with magnetically suspended rotors, as the
bearingless machine with split winding proposed by [5], work
without mechanical bearings, which are usually the first component to fail in electrical machines [6]. Linear controllers may
not achieve a stable and fast response for the proper suspension
of the machine rotor. The emergence of microprocessors and
power electronic devices provided conditions for applying
advanced control theories, such as predictive controllers, by
sliding modes, based on artificial neural networks, Fuzzy, and
others [7].

I. I NTRODUCTION
Bearingless electric machines based on induction motors
appeared to meet industrial demand for less noisy motors,
which could reach higher speeds and would not contaminate
processes. With the development of this technology, a wide
range of sectors could take benefit of it [1] [2] [3]. For
example, the aerospace industry, which adopted bearingless
machines because they can significantly reduce the number
of maintenance events in systems operating in space. In the
biomedical area, pumping systems that replace the human
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With this technique, the effects of internal and external
disturbances, parameter variations, and other uncertainties are
estimated through a state observer and compensated in realtime by the control routine [8]. Its architecture makes the
ADRC a control technique whose performance is independent
of the mathematical model’s knowledge of the process. In [9] a
permanent magnet synchronous motor (PMSM) position, servo
control system based on fuzzy active-disturbance rejection was
proposed. Introducing fuzzy logic control into the design of
ADRC controller, improving the self-tuning of the parameter
of nonlinear states error nonlinear feedback controller which
keeps the original features of the controller and reduces the
adjustable parameter and enhances the performance of the
control system. Combined with the speed loop and the position
loop, a novel Fuzzy-ADRC position regulator is designed,
which improves the robustness and keeps the dynamic characteristics of the system at the same time. In [10] was proposed, a
control model for the radial position problem is proposed, and
the ADRC is used to improve the closed-loop system dynamic
when a changing load occurs on the output.
This paper studies the application of an ADRC controller
in the position control of a bearingless machine with split
winding. In addition to this introductory section, in the section
(II), the modeling of the radial position system is performed. In
section (III) explains the ADRC and shows its mathematical
implementation. Section (IV) presents the Fuzzy Controller.
section (V) presents the Fuzzy-ADRC Controller. In section
(VI) presents the results of the simulated runs, followed by
section (VII), in which the final considerations are made.
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Fig. 2. ADRC - General idea.

II. S YSTEM MODELING
Currently, several topologies of bearingless machines are
available in the literature. The topology used in this work
was studied by [11], which developed the dynamic model
of the rotor radial position from the characteristics of a real
experimental prototype. This prototype works vertically and is
supported on the lower end of the shaft by a pivoted bearing
that prevents radial and axial movements but allows angular
movements. This type of system has two degrees of freedom
for position control [12], and the rotor displacement occurs in
the directions of x and y axes.
Starting from the application of the second motion law
to Figure 1, [11] developed a G(s) function that relates the
control signal U (s) to the output position Y (s) of the rotor.
The dynamics of the x-axis is equal to the y-axis, and both
are described by:
G(s) =

3.68 × 106
(s + 91.51)(s − 91.51)

(1)

Equation (1) show that the radial position model has a
unstable pole, thus a controller is fundamental to the system
operation.
III. ADRC CONTROLLER
The first version of the ADRC controller was presented
in Chinese by its creator, Jingqing Han, in a work entitled
"Auto disturbances rejection controller and its applications"
in 1998 [13]. In order to promote advances in the theory and
practice of control engineering, Jingqing Han researched the
characteristics of nonlinear into closed-loop control problems
and proved the efficiency of the controllers designed from
them. According to [14], when compared to linear functions,
nonlinear ones are potentially more effective in tolerating
uncertainties and disturbances; and in improving systems
dynamics.
In a more recent publication, Han described the ADRC as a
digital closed-loop system control technique, developed from a
digital platform rooted in computer simulations, which inherits

A. ADRC mathematical description
The ADRC structure is based mainly on nonlinear functions
and its original complete version is composed by three blocks:
an extended state observer (ESO), a tracking differentiator
(TD), and a nonlinear control law (Figure 3).

v

v1
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TD v2

e2

NONLINEAR
CONTROLLER

Fig. 1. Rotor free body diagram.

from the proportional-integral-derivative (PID) controller it is
characteristic of greatest success: a control law mainly based
on error, and not just on the plant model; in addition, it
uses state observers, a technique from the theory of modern
controllers; and also makes use of nonlinear control tools for
the realization of its structure [15].
The ADRC controller uses a state observer to estimate any
unknown information (dynamics, disturbances, nonlinearities,
parameter variations, time-delays, etc.) about the real system
to be controlled. Then, the algorithm subtracts the estimated
information from the system dynamics in order to emulate a
model with simpler general behavior. On the ADRC structure,
there is the observer, a reference generator, and a controller
block (Figure 2). To achieve its goal, the ADRC groups all the
uncertainties involved in the process into a single parameter
named "generalized disturbance." This parameter is then defined as a state variable of the system to be estimated through
the observer. Once estimated, this parameter is subtracted
from the system’s control loop, which the controller sees as
a simpler system, formed only by cascated integrators (Han’s
canonical form), whose control has already been extensively
studied in the literature. Therefore, Han’s canonical form
is taken into account for the control block design, and the
knowledge about the real system parameters is not important.
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ADRC
Fig. 3. ADRC - Control structure.
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1) tracking differentiator: The TD operates on the reference
signal in order to filter it and smooth its transition. For a
second-order system given by:

v̇1 = v2
(2)
v̇2 = u
the optimal solution for this system is given by:
v2 |v2 |
)
2r
Therefore, the system can be rewritten as:

v̇1 = v2
|v2 |
v̇2 = −rsign(v1 − v(t) + v22r
)
u = −rsign(v1 − v +

(3)

(4)

thus, v1 (t) follows the input signal v(t) with a speed adjusted
by r. The variable v2 = v̇1 is an approximation of the
derivative of v(t).
2) ESO: It consists of an estimator with nonlinear gains
that detects information about the states of the plant in realtime from the observation of the inputs and the output. It is the
most important block of the controller, as it is responsible for
detecting disturbances involved in the process. The observer
design, for this work, is given from the second-order system
by:

 ẋ1 = x2
ẋ2 = f (x1 (t), x2 (t), w(t), t) + bu
(5)

y = x1
where y is the measured output that must be controlled;;
f (x1 (t), x2 (t), w(t), t) = F (t) is a multivariate function of
states (x1 (t), x2 (t)), external disturbances (w(t)), and time
(t); i.e., the total disturbance. Assuming that F (t) is a system
state variable, F (t) = x3 and Ḟ (t) = G(t) is its derivative.
Therefore, the extended representation of the system given by
(5) is:

ẋ1 = x2



ẋ2 = x3 + bu
(6)
 ẋ3 = G(t)


y = x1
From this representation, the observer’s structure is proposed [16]:

 ż1 = z2 − β01 f al(e, α1 , d1 ),
ż2 = z3 − β02 f al(e, α2 , d2 ) + b0 u
(7)

ż3 = −β03 f al(e, α3 , d3 ),
the f al function is defined by:

|e|α sign(e), |e| > d
f al(e) =
e
|e| ≤ d
d1−α ,

(8)

The variables α1 , α2 , α3 , d1 , d2 e d3 are the parameters of
the nonlinear functions. The observer output give the values
of the states z1 , z2 e z3 , i.e., it estimates the numerical values
of the states z1 , z2 and of the function F (t). From this, the
effect of F (t) is removed from the system dynamic through
the operation:

u=

u0 − F (t)
b0

So, the emulated dynamics of the system becomes:

 ẋ1 = x2
ẋ2 = u0

y = x1

(9)

(10)

which corresponds to a simple double integrator system, whose
control is widely known in the literature.
3) Control law: The work [15] indicates the following
nonlinear strategy:
u0 = β1 f al(v1 − z1 , α1 , δ) + β2 f al(v2 − z2 , α2 , δ)

(11)

However, it emphasizes that different strategies can be used
in the the control law block.
IV. F UZZY CONTROLLER
The basic structure of a rules-based fuzzy controller consists
of three stages: fuzzification, inference, and defuzzification
[17]. In the fuzzification, input data are converted into fuzzy
values, i.e., qualitative values comprehensible by the inference
mechanism.
A. Rules Basis
Defining the rule sets is directly related to the aim of
the control. Since the bearingless motor aims to keep the
rotor centralized, the main task is to minimize the position
tracking error. The higher the error, the higher the control
input. However, a change in error also affects the value of
the control input. Consequently, the error and change in error
are used in the control rules as the linguistic variables. The
variables e[k] is the actual error and e[k−1] the error calculated
in the previous sample of k. These are defined as:
e1 = error1 = v1 − z1

(12)

e2 = error2 = v2 − z2

(13)

∆e1 = change in error1 = ex [k] − ex [k − 1]
∆e2 = change in error2 = ey [k] − ey [k − 1]
(14)
wherein e is the error signal. The a, b, c and d mean ∆ex
, ex , ∆ey and ey , respectively.
The rules of fuzzy controller are of the form:
If error1 = A and change in error1 = B
T hen u = C

(15)

If error2 = C and change in error2 = D
T hen u = G

(16)
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Fig. 4. Membership functions of input variables.

Fig. 7. Fuzzy-Self-adapted ADRC structure.

Fig. 5. Membership functions of input variables.

Fig. 8. Fuzzy-Self-adapted ADRC structure with rotational transformation.

Fig. 6. Membership functions of input variables.

V. FUZZY ADRC CONTROLLER
In the synchronous rotating coordinate system, using vector
control strategies, using the equation (5) we can obtain position
loop two order dynamic equation of BIM:
θ̈

= −

Bω TL
1.5pψf
−
+
u(t)
J
J
J

(17)

1.5pψ

TL
f
f (x1 (t), x2 (t), w(t)) = − Bω
.
J − J , b=
J
u(t) = iq , where f (x1 (t), x2 (t), w(t)) is the known friction
disturbance of system,w(t) is the unknown load disturbances
of system, through these two parts can estimate the total disturbance of system and compensate for it, making the system
has great robustness to the load and friction disturbance. Under
the condition of position sensor, ω is the known quantity, its
the differential is also a known quantity and the state equation
of position loop is available:

dθ
dt

ẋ1

= x2 =

ẋ2

d2 θ
= f (x1 (t), x2 (t), w(t)) + bu(t)
dt2
= x1 = θ

y

=

(18)

According to rotational transformation is obtaining parameters β0 , β1 , β2 . Finally, with the principles of Fuzzy ADRC
parameters tuning, we can obtain Fuzzy-ADRC. Its structure
is shown in Figure (7) and Its structure with rotational transformation is shown in Figure (8).
It can be seen, every part of the position Fuzzy-ADRC
controller can be designed, Its whole control structure is shown
in Figure (8). In it, θ∗ is the given rotor position, i∗q is the

given q−axis current, θ is the rotor position feedback signal,
v1 is the tracking signal of θ∗ , v2 is the differential signal
of θ∗ , z1 is the tracking signal of θ , z2 is differential signal
for z1 , z3 is system observation of the uncertain part of the
disturbance that is w(t) as the observation for the certain part,
where the differential is different from the differential signal
in a controller, its effect is not amplified, but disincentive to
the noise signal.
A. Fuzzy controller model
Based in [18], this article introduces the fuzzy logic controller, according to the input of , e1 , ∆e1 , e2 , ∆e2 and
using fuzzy control rules to change the ADRC parameters
{∆ix , ∆iy }, with rotacional transformation is obtaneid approaching the optimal parameters {β0 , β1 , β2 }. To meet the
requirements of the {e1 , ∆e1 , e2 , ∆e2 } parameters of the
Fuzzy ADRC, in the controller, the fuzzy variables are e1 , e2 ,
{∆ix , ∆iy , , in your domain, five language sets defined such
as {Large Negative (NB), Small Negative (NS), Zero (ZO),
Small positive (PS), Large positive (PB) }. Select the input
variables e1 , e2 for the Gaussian association function, output
variables {∆ix , ∆iy } for triangular membership function. In
this article, the basics e1 , domains are [−900, +900], a range
variation of [10, +10] and e2 domains are [−900, +900] for a
range variation of [10, +10]. Thus the variables {∆ix , ∆iy },
with rotational transformation is obtaneid ∆β0 } ∆β1 },∆β2 }
domains are [−6, +6], [−6, +6], [−0.6, +0.6]. Fuzzy reasoning using the Mamdani type and defuzification is the weight
average method. According rules of the human mind, diffuse
control rules are devised by
summarizing the technical knowledge of the engineering
team and practical experience.
An initial rule base was developed using prior knowledge
of the system. Then adjustments were made based on the
behavior of the system during the experiments. The rules were
changed until they could no longer improve the response, so
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Output

TABLE I
L INGUISTIC LABELS ADOPTED TO DESCRIBE FUZZY SETS .
Signification
Very Large Negative
Large Negative
Medium Negative
Small Negative
Zero
Small Positive
Medium Positive
Large Positive
Very Large Positive

0

d

LN

MN

SN

ZE

SP

MP

LP

VLN
VLN
LN
VLN
MP

VLN
MN
SN
MN
MP

VLN
MN
ZE
SN
LP

VLN
SN
ZE
ZE
LP

LN
SP
ML
SP
SP

SN
LP
LP
LP
VLP

MN
LP
VLP
LP
VLP

LN

MN

LN

ZE

SP

MP

LP

VLN
VLN
LN
SN
LP

VLN
MN
MN
ZE
MP

VLN
MN
ZE
SP
LP

LN
MN
ZE
SP
LP

MN
ZE
SP
MP
SP

MN
SP
MP
LP
VLP

LN
MP
MP
VLP
VLP

According to the table of allocation of members of fuzzy
set Tables (II) and (III) . and the fuzzy control model of
parameters, and with diffuse synthetic reasoning to project
diffuse matrix, then defuzzification and correction parameters
found {∆ix , ∆iy }, with rotational transformation is obtaneid
{∆β0 , ∆β1 , ∆β2 } and replaced it in the equation:
0

β0 = β0 + ∆β0
0

β1 = β1 + ∆β1
0

β2 = β2 + ∆β2

0.02

0.03

0.04

0.05

0.06

0.07

0.08

Fig. 9. System output.

TABLE III
RULES FOR Y- AXIS FUZZY CONTROLLER .

c
LP
MP
ZE
SN
LN

0.01

Time (seconds)

TABLE II
RULES FOR X - AXIS FUZZY CONTROLLER .
b

0
-0.5

the membership functions were adjusted. The adjustments of
the rules are intercalated with the adjustments of the membership functions, never both at the same time. The adjustments
originated the error and change in error membership functions
illustrated in Fig. 4, 5 and the output membership functions
depicted in Fig. 6 and the rules summarized in Table (II).
For {∆ix , ∆iy } parameter configuration, fuzzy control table
are established, as shown in Tables (II) and (III) .

a
LP
SP
ZE
SN
LN

0.5

Position

Label
VLN
LN
MN
SN
ZE
SP
MP
LP
VLP

1

Given that the dynamic response is the same for x and y
axes, the results for only one axis is showed.
• The control goal is to maintein the radial position of
the machine’s rotor in (x = 0, y = 0) position, so the
reference signal v is kept in 0 and the TD block of the
Figure 3 is not necessary
• ESO was implemented according to (7) and the control
law is given by (9).
• The controller tuning was carried out by trial and error.
• The system was simulated with initial conditions:
x1 (0) = 1 and x2 (0) = 0. This situation indicates that
the machine rotor was stopped in an unwanted position
before the controller start acting.
• A step-shaped disturbance was added at the output of the
system at the instant t = 0.04 seconds. In a practical
situation, disturbances of this type are caused by loads
added to the axis of the machine in operation.
The Figure 9 shows the output of the plant controlled with
ADRC. The controller corrected the plant output to the desired
reference value and was able to recover this condition even
under a load change condition.
The efficiency of the ADRC in controlling the output of the
system depends directly on the ability of ESO to estimate the
states of the plant, that is: x1 → z1 , x2 → z2 e F (t) → z3 .
Figure 10 compares the dynamic response of the real states
with their respective values estimated by the observer. From
the Figure 10, it is clear the ability of the ESO in provide
proper estimates of the plant states. The efficiency of the
Fuzzy ADRC Controller in controlling the output of the system
depends directly on the ability of ESO to estimate the states
of the plant.
The simulations results are part of a project that aim to
carry on experiments with ADRC controller and a bearingless
machine prototype. A experimental setup (Figure 11) at Federal University of Rio Grande do Norte will be used in future
experiments.
•

(19)
(20)

VII. C ONCLUSIONS

(21)

According to practical requirements, this paper applies,
Fuzzy -ADRC theory to high-performance AC permanent
magnet servo system, and designs two-order Fuzzy-ADRC
position regulator to enhance the anti-interference ability of
the the system, and using ESO to estimate the disturbance,
which achieving high precision control of servo motor with
position sensor. Simulation and experiment results show that

Where β0 , β1 , β2 is the nonlinear controller initial value.
VI. R ESULTS
For the results described in this section, the following
considerations must be made:
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Real and Estimated States
1

x1
0.5

z1

0
-0.5
-0.9
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

Time (seconds)
900
500
0

x2

-500

z2
-1000
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

Time (seconds)
104

5
2.5
0

F(t)
z3

-2.5
-5
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

Time (seconds)

Fig. 10. Performance of the extended state observer.

Fig. 11. Experimental setup.

Fuzzy- ADRC has good dynamic and static performance for
BIM. This work studied the application of an ADRC fuzzy
controller to a simulated radial position control system of
an induction machine without bearings with split winding.
The results proved the efficiency of the controller in keeping
the rotor in the desired position. Future work aims to apply
this controller to an experimental system whose dynamics are
subject to a higher number of disturbances and uncertainties.
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