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Abstract

In this work, the Active Disturbance Rejection Control (ADRC) technique was applied
to control a simulated plant that represents the radial displacement of a bearingless induc-
tion machine with split winding. Active Disturbance Rejection Controllers have a robust
operation when applied to systems with uncertainties, nonlinearities, and in the presence
of disturbances. The work employed the linear and nonlinear versions of the ADRC to con-
trol the radial displacement. The simulations were performed in the Scilab software. The
system response under parameter variation and external load are presented to compare the
performance and implementation of both techniques.

1 Introduction

The emergence of electrical machines with magnetic suspension of the rotor meets industry
demand for motors that could generate less noise, reach higher speeds and avoid process con-
tamination. In the past two decades, magnetic bearing technology has received significant
attention due to its potential application to high-speed and harsh environments applications,
where maintenance routines are more complicated. In this way, different machine types have
been tested under the magnetic suspension scheme, and new structures appeared to overcome
the natural problems of this technology.

Electrical machines that combine motor functions for torque generation and magnetic bear-
ings in the same system, known as bearingless machines, are considered the greatest advance in
this area of knowledge [10][13]. The bearingless technology has been applied in different elec-
trical machine types; the induction motor, e.g., is often chosen due to its robustness, simplicity,
and low cost [17][1][20]. [12] proposed a bearingless induction motor in which the group of
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coils that generate rotational torque also generates radial forces. This structure, known as split
winding, aims to simplify the operation and improve the internal use of space of the motor. The
same approach was used by [2] to propose the use of split windings in a traditional three-phase
induction motor, obtaining a system capable of generating greater radial forces.

Since the magnetic shaft suspension is a naturally unstable system, the bearingless machine
strongly depends on well-designed control routines. These systems are multivariable, non-
linear, and coupled [20]. So linear position controllers, as the Proportional-Integral-Derivative
(PID) [11], may not achieve a response fast and stable enough for proper shaft suspension.
The use of microprocessors and power electronics devices enabled the application of advanced
control theories, such as predictive control, sliding mode control, neural network control, Fuzzy
control, and others [19]. In recent years, the Active Disturbance Rejection Control (ADRC)
“is emerging as a promising alternative in many tough control scenarios, due to its structure
simplicity and capability in dealing with the model uncertainties, nonlinearity and external
disturbances within a unified framework” [16].

The ADRC has been widely studied in virtue of its anti-disturbance ability and its indepen-
dence of a precise system model [6]. Its main idea is to group all the uncertainties of the plant
— such as non-modeled dynamics, external disturbances, and variations in parameters — as an
additional state variable to be estimated in real-time through the input and output variables.
Thus, the additional state can be estimated and compensated in the control loop. This task is
achieved thanks to the core element of the ADRC: the Extended State Observer (ESO). Em-
ploying the ESO, the output and its derivatives, as well as the lumped disturbance, the desired
control performance can be achieved by a simple linear state feedback control algorithm with
online disturbance rejection [18]. This works aims to apply the ADRC technique to control the
rotor radial position of a four-pole bearingless induction machine with split winding.

The original concept of the ADRC controller proposed a completely non-linear structure.
Despite being very efficient for non-linear systems, this structure is relatively complicated to be
tuned because it has a large number of parameters. Gao’s work sought to obtain a linear model
of the ADRC controller that would maintain the good performance of the original controller.

This work is the first stage of a project that aims to apply the ADRC controller in the radial
position control of an induction bearingless machine with split coil. Initially, we simulated the
application of a linear and a non-linear ADRC structure to control a radial position system
in order to understand the implementation, evaluate advantages and disadvantages, and assess
the performance of the closed-loop control system. These results are the grounding foundation
for the following stages of the project.

The results of these experiments are described in this text, which is organized as follows:
in addition to this introductory section, section 2 provides a brief presentation of the radial
displacement model used; section 3 describes the linear and non-linear structures of ADRC;
section 4 shows the results of the simulations; finally, the conclusion section shows the most
important points that were evaluated from this work.

2 Bearingless machine with split winding

2.1 Operation principle

In the stator of a three-phase bearing motor, there are three groups of windings divided to
generate radial force and torque. The coils are split in the stator as shown in Figure 1. Consid-
ering a four-pole three-phase motor, Figure 2 can be used to explain the principle of generating
radial magnetic forces in the rotor.
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Figure 2: Radial forces generation.

Figure 1: Winding’s distribution.

Phase A is divided into two groups of coils: Al and A2. When the same current (I,) flows
through coils A1 and A2, a magnetic flux is created, as represented in Figure 2 by solid blue
lines. When the current increases by Ai, in coil Al and simultaneously decreases by Ai, in coil
A2 the flux density increases on one side of the rotor while it decreases on the opposite direction
with the same magnitude. The unbalance in the original flux generated by Ai, generates radial
force in the positive direction of the axis X. Likewise, it occurs in the opposite direction when
the additional current is added to coil A2 and subtracted from coil Al.

Extending this mode of operation to the three phases and decomposing the coordinate
system of the position of the coils as shown in Figure 1 in the coordinate system zy, it is
possible to control the radial position in the entire bounded plane for zy.

2.2 Radial displacement model

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 and the rotor displacement occurs in
the directions of x and y axes.

From the application of the second motion law to Figure 3, [15] developed a linear dynamical
representation for the rotor radial displacement system:

§j = 8374y + 3680000u + w (1)

where y is the radial position, « is the input current signal that can vary from —1A4 to 14 and
w is an output disturbance. In the form of a transfer 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:

3.68 x 106
(s +91.51)(s — 91.51)

G(s) = (2)
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Figure 3: Rotor free body diagram.

Equation (2) shows that the radial position model has an unstable pole, thus a controller is
fundamental to the system operation.

3 Active Disturbance Rejection Controller

The first version of the ADRC was presented in Chinese by its creator, Jingging Han, in
the work entitled “Auto disturbances rejection controller and its applications” in 1998 [7]. To
promote advances in the theory and practice of control engineering, Jingqing Han researched the
characteristics of nonlinear elements into closed-loop control problems and proved the efficiency
of the controllers designed from them. According to [9], when compared to linear functions,
nonlinear ones are potentially more effective in tolerating uncertainties and disturbances as well
in improving systems dynamics.

In a more recent publication, Han described the ADRC as a digital closed-loop control tech-
nique, rooted in computer simulations, which inherits from the proportional-integral-derivative
(PID) controller its 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 [5].

Aiming to simplify the ADRC controller, [4] used only linear gains to propose a kind of linear
ADRC that uses concepts of controller scaling and parameterization to make the controller
parameters functions of the closed-loop bandwidth of the system. The version is called Linear
ADRC (LADRC) and brought a new perspective to the industrial application of the technique
once it maintained the controller abilities in rejecting disturbances and simplified the tuning
process.

Both versions of ADRC (NADRC and LADRC) have exactly the same operation idea:
using two control loops to emulate a simplified system, similar to a system composed only
by cascaded integrators, in which the dynamic behavior can be controlled by a simple control
law (feedback loop). To reach this task, an extended state observer estimates any unknown
information (dynamics, disturbances, nonlinearities, parameter variations, time-delays, etc) by

4
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the input-output data of the controlled system and removes this information in the control loop
(feedforward loop). This structure makes the ADRC independent of the plant model, where
the same structure can handle a large variety of dynamic systems. Furthermore, a Reference
Generator can be used to provide a smooth version of the reference and its derivatives. This
structure is shown in Figure 4.

EMULATED
gEag) ANt
PLANT
CONTROLLER (1) » s R
,
!
ESTIMATOR |«

Figure 4: ADRC general idea.

The relative order of the plant is the only information necessary to build a controller based
on ADRC. This information is needed because all the blocks described in Figure 4 are designed
according to a specific dynamical order behavior. The following sections describe the design of
the NADRC and the LADRC to a second-order system, once this is the relative order of our
plant.

3.1 ADRC Structure

The mathematical description of the ADRC is based on [4]. A generic second-order system, to
be controlled with ADRC, is represented by the following differential equation:

= —ay — by +w+ bu (3)
y is the output; u is the input; w represents an external disturbance; a and b are system
parameters.
To apply the ADRC technique, there must be some information about the b parameter.
Assuming an approximate value given by b = by, equation 3 can be rewritten as follows:

J=—ay—by+w+ (b—by)u+bou = f+ bou (4)

The term f in the above equation is denoted by generalized disturbance and is equal to
f=—ay—by+w+ (b—by)u. The term b — by represents the difference between the actual
value of b and the approximation by, which must be specified to implement the algorithm. In

state space form, assuming that 1 = y and xo = &1 the system given by 4 can be represented
by:

.f1=$2
i2:b0U+f (5)
Yy=1a1
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Assuming that f can be estimated, the ADRC technique cancels its effect on the system
output by applying the following relationship to the control loop:

~ug — f(t)
=

Hence the total (emulated) dynamics of the system 5 becomes:

(6)

j?l = T2
5.62 = U (7)
Yy=1o

This is a simple double integrator system, whose control has been widely performed in the
literature.

The concepts described above indicate that an estimation method that provides an accurate
approximation of the value of f is fundamental for an adequate application of the ADRC
technique. Furthermore, the control block must be able to meet performance expectations
dynamic. The following sections describe two possible frameworks for fully implementing an
ADRC-based controller.

3.2 NADRC Structure

The nonlinear structure of an ADRC controller is usually composed by three blocks: a Tracking
Differentiator (TD), an Extended State Observer (ESO), and the nonlinear controller (Figure

Vi el
> NONLINEAR | Uo
—>1TD\, & e CONTROLLER

ADRC

Figure 5: ADRC control loop structure.

3.2.1 Tracking Differentiator

The TD can be seen as a reference generator. It provides smooth versions of the reference
signals that usually are put on the system input as a step function. Furthermore, it provides
derivatives of the input without the noisy amplification of the traditional derivatives operations.
For a second-order system given by:

{ o =02 (8)
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an optimal solution is given by:

u= —rsign(vy — v+ %) (9)
r

This solution is named optimal because it can make the output of 8 reach the desired input
fast and with low overshoot. The system can be rewritten as:

1}1 = Vg
1
{ vg = —rsign(vy — v(t) + %) (10)

thus, vy (¢) follows the input signal v(¢) with a speed adjusted by r. The variable vo = v; is an
approximation of the derivative of v(t). The sign is given by:

1, e>0
snte) = { 1y 20 1)
3.2.2 Nonlinear Extended State Observer

The ESO is the most important block of the ADRC. In its structure the generalized disturbance
f is considered as an additional state of the system 5:

i‘l = X2

To = x3 + bou

i =h (12)
y=a

where x3 = f is the augmented state and h = f, its derivative. h is seen as an unknown
disturbance. The above system can be rewritten by:

¢ = Az + Bu+ Eh

y=0Cz (13)
where:
010 0 0
A=|0 0 1 |,B=]|b |[,C=[1 0 0],E=]0
000 0 1

From the augmented system 12, it is possible to construct an observer to estimate numerical
values to z1, 22 e z3, which are the estimated values of the states x1, 22 e x3. The work [3]
proposed a nonlinear structure in which the ESO is such as:

21 = zo — Prfal(e, a1, dy),
22 = Z3 — 62fal(e, a9, dz) + bou (14)
z3 = —Psfal(e, az, d3),
where (1, B2 and 3 are the observer gains of the nonlinear fal functions, whose definition is
given by:

| le|*sgn(e), |e| >d
fal(e,a,d) = { d%a’ ‘e| <d (15)

the value of e is the error between the system output and its estimate (§ — y) and « and d are
tuning parameters.
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3.2.3 Nonlinear Control Law

Among the control law alternatives proposed by [5], we can highlight the following:

ug = 7Kpfal(€1, Qy, d4) - KDfal(é1a5, d5) (16)

where e; is the error signal from the difference between the reference and the system output;
Kp and Kp are gains; ay, as, d4, and ds are tuning parameters.

3.3 LADRC

Since there is no linear implementation of the Tracking Differentiator on the LADRC version
proposed by [4], only the linear ESO and control law of the LADRC are described below.

3.3.1 LESO
The linear ESO proposed by [4] is built by removing the nonlinear terms of 14, such as:

Z =23 — fBre
%o = z3 — [Boe + bou (17)
Z3 = —fse
where e = (21 —y). This is equivalent to a tradicional Luenberger observer and can be rewritten
as:
Z2=Az+ Bu—L(§—vy)

y=Cz (18)

where the vector L if composed by the observer gains:

L=[5 B Bs ]T

These gains can be found by any method of pole allocation. In order to simplify the deter-
mination of the gains of the vector L, the tuning method proposed by [4] allocates all the poles
in —wp. wp is assumed as the bandwidth of the observer. Solving |[sI — (A — LC)| = (s + wp)?
gives:

L= [ 3wop 3wi Wi ]T

This procedure offers a systematic way to obtain the tuning parameters of the LESO. The

ESO has advantages over nonlinear ESO considering the control complexities [8].

3.3.2 Linear Control Law
The state feedback method can be applied to control the emulated system of the LADRC.
Considering the feedback law v = — Kx gives:
ug = —Ki1(r — z1) — Ka(r — z2) (19)
K, and K are the controller gains. The closed loop poles can be found by the allocation
of all poles in —w,.. Solving |sI — (A — BK)| = (s + w,.)? and putting the gains grouped in a
vector K:

K:[uﬂ QWC]

C
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As for the ESO, the control law of the LADRC has a systematic way to tune the controller
parameters.

4 Results

We simulated the control of the plant given by (2) using LADRC and NADRC to compare
the performance of both techniques. For the results described in this section, the following
considerations must be made:

e Since the dynamic response for the x and the y axis are equal, the results for only one
axis are shown;

e The control goal is to maintain 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 Tracking Differentiator is not
needed. Therefore the control loop implemented is showed on the Figure 6.

"y
Uy 1 y
CONTROLLER E) PLANT
X A

Y

Z3
Zy
Zy

ESO |«

Figure 6: Control loop.

e The nonlinear ADRC was implemented using the equations (14) and the control law is
given by (16);

e The linear ADRC was implemented using the equations (17) and the control law is given
by (19);

e The controllers tuning was carried out by trial and error;

e The initial conditions are z1(0) = 1 and x2(0) = 0. This situation indicates that the
machine rotor was stopped in an unwanted position before the controller starts acting;

e Two step-shaped disturbances were added at the output of the system at the instants
t = 0.1 and ¢t = 0.3 seconds. In a practical situation, disturbances of this type are caused
by loads added to the axis of the machine in operation.

e Parameters variations in practice usually come from the natural heat by Joule effect of
the circuits and power supplies. This condition is simulated in this work changing the
plant dynamic according to:

i = (8374 + 8374 % 10 % t)y + 3680000u + w (20)
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Tables 1 and 2 show the controllers parameters used in the simulations for the LADRC and
NADRC. The gains of the nonlinear ADRC blocks used the same of the LADRC.

Parameter Value
step-size 0.0001 s
Iy (0) 1

T2 (0) 0

We 147
wo 5% We
bo 2000000

Table 1: LADRC parameters.

Parameter Value
step-size 0.0001 s
1‘1(0) 1

K, w?

Kd 2w,

B1 3wo

Ba 3w

Bs %

bo 2000000
fal — ESO d=0,5a=0,5
fal — Controller d=2;,a=2

Table 2: NADRC parameters.

Figure 7 shows the plant output for the two versions of the ADRC controller and the detailed

views of relevant regions of the dynamical response.

(A) System output

0.6 .
——LADRC
0.3 ——NADRC|
0 A
-0.3
-0.6 : : : :
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C
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0.035 [ ——NADRC| 1
0
-0.035
-0.07 : : :
0.1 0.15 0.2 0.25 0.3
Time (s)

Displacement (mm)

(B)

Figure 7: Plant response for LADRC and NADRC.

Figure 7(A) shows that both controllers corrected the plant output to the setpoint and were
able to recover this condition even under a load change condition. Figures 7(B), 7(C) and
7(D) show a detailed view of the transitory regions. Figure 7 (B) indicates that the nonlinear
model of ADRC can reach the reference faster and with less overshoot. Figures 7(C) and (D)
are the response to the step external loads and indicates that the NADRC is more robust to

disturbance.
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0
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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 — 21, 2 — 22 e F(t) — zs.
Figure 8 compares the dynamic response of the real states with their respective values estimated
by the observer. It is clear the ability of the linear and nonlinear ESOs in providing proper
estimations of the plant states.

(A) LADRC (B) - NADRC

0.6 T T 0.6 . .
= x1 € x1
£ 03 z1| ] E o3 zl
5 5
£ 0 h\/ S E 0 (H, ~
Q [0}
Q Q
© «
% -0.3 1 % -03r1
a a

-0.6 : : : : 0.6 : : : :

0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5
(C) - LADRC (C) - NADRC

10 ‘ 10 ;
B x2 B x2
E 5 22| E s 72
c c
Q [0}
E 0 E 0 \/
[0 [0}
[} [}
© ]
& 5 ] @ 5
a a

10 ‘ ‘ ‘ 10 ‘ ‘ ‘

0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5
Time (s) Time (s)
Figure 8: States estimation.

Figure 9 shows the generalized disturbance f and its estimation z3. Despite some mismatch
in the transitory period, the ESOs were successful in estimate the general behavior of the
generalized disturbances.

LADRC NADRC
5000 Generalized disturbance| | 5000 Generalized disturbance| |
z3 z3

—

0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5

Figure 9: Generalized disturbance estimation.

5 Conclusions

This work studied the application of the ADRC technique to control a simulated plant that
represent the rotor radial displacement of a bearingless machine with split winding.

11
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From the simulated results, it was possible to notice that for both the linear and nonlinear
controllers the ADRC was successful in providing a stable response to the system even in the
presence of perturbations and parameters variations. Despite this, in a more precise point
of view, the nonlinear ADRC structure presents a faster and more damped response when
compared with the linear ADRC.

Since the performances for both controllers were similar, it is important to evaluate if it is
necessary to use the NADRC, which is a more complex structure with more parameters to be
tuned, instead of LADRC, which is easier to be built and tuned. Due the nonlinear nature of
NADRC and the number of parameters of its implementation, in some cases researchers adopt
optimization algorithms [14] instead of trial and error tuning. Again, it means an additional
effort to use the NADRC technique that must be taken in account to make project decisions.

As the initial step of a project that aims to evaluate the ADRC to control a real prototype,
this works provided the initial experience with this control paradigm and helped to test two
different implementations of the ADRC. These results will be useful to future experimental
implementations.
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