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Active Disturbance Rejection Control of Bearingless
Permanent Magnet Slice Motor Based on RPROP

Neural Network Optimized by Improved Differential
Evolution Algorithm

Chuang Sun and Huangqiu Zhu , Member, IEEE

Abstract—In order to realize the strong antidisturbance capa-
bility and the precise control of suspension forces in a bearingless
permanent magnet slice motor (BPMSM), an active disturbance
rejection control (ADRC) strategy based on the combination of
resilient backpropagation neural network (RPROPNN) and im-
proved differential evolution (IDE) algorithm is proposed. Based
on the mathematical model of the BPMSM, the first-order ADRC
controller of the rotating part and the second-order ADRC con-
troller of the suspension part are designed, respectively, for the
BPMSM according to the different orders of the BPMSM system.
Then, the elite group bootstrap mechanism and parameter adaptive
techniques are introduced to improve the DE algorithm to speed
up its convergence and enhance the global search capability, and
the initial weights of RPROPNN are optimized using the IDE
algorithm to obtain the best network model. According to the feed-
back information of the BPMSM, the optimization mechanism and
self-learning capability of RPROPNN are used to adjust the param-
eters of ADRC to reduce the dependence of ADRC on parameters.
The comparative experimental results indicate that the proposed
ADRC optimization design method has stronger robustness when
disturbances occur, and the method is feasible and effective.

Index Terms—Active disturbance rejection control (ADRC),
bearingless permanent magnet slice motor (BPMSM), improved
differential evolution (IDE), parameter optimization, resilient
backpropagation neural network (RPROPNN).

I. INTRODUCTION

DUE to the small axial length of the permanent magnet rotor
in relation to the radius of the rotor and its flake structure,

a bearingless permanent magnet slice motor (BPMSM) can
achieve passive suspension of the rotor in three degrees of
freedom by relying on magnetic resistance force. Only two radial
degrees of freedom need to be actively controlled to achieve
reliable and stable motor operation, simplifying the mechanical
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Fig. 1. BPMSM pump system. (a) Structural diagram of the BPMSM pump
system. (b) Generation principle of active suspension force.

structure and greatly reducing the difficulty of controlling the
bearingless motor. At the same time, the BPMSM not only
has the advantages of simple structure, high power density,
and high efficiency but also has excellent characteristics, such
as no contact, no loss, no lubrication, no pollution, and long
life. Therefore, centrifugal pumps driven by the BPMSM, as
shown in Fig. 1(a), can realize contactless and pollution-free
transmission of liquids and have broad application prospects in
special transmission fields with high requirements for precision
and cleanliness, such as biomedicine, semiconductor industry,
aerospace, and other areas [1], [2], [3].

The BPMSM is a multivariable, nonlinear, strongly coupled
complex system, and the traditional proportional integral (PI)
vector control system is susceptible to load changes and motor
parameter changes, and the controller robustness is poor. In
recent years, with the rapid development of control theory,
some advanced algorithms have been proposed to improve the
robustness of the controller to external disturbances and system
parameter changes, such as sliding-mode control [4], [5], [6],
model reference adaptive control [7], [8], model predictive
control [9], active disturbance rejection control (ADRC), and
model-free control [10], [11]. In [4], a sliding-mode variable
structure control method based on inverse system decoupling is
proposed, which reduces the influence of rotor parameters and
load disturbances on the control performance. In [7], a fuzzy
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model reference adaptive identification method of rotor resis-
tance is proposed. The rotor resistance identification method is
combined with the inverse system dynamic decoupling control
method to improve the robustness of the bearingless induction
motor system to the variation in rotor resistance parameters. The
above model-based control methods usually provide the accurate
control, but their control accuracy is highly dependent on the
accuracy of the system model, and the controller design is more
complex and computationally intensive. In [11], a model-free
adaptive control (MFAC) based on the full-form dynamic lin-
earization technique is proposed for current control. MFAC only
depends on the real-time measurement data of the controlled
system and does not rely on any mathematical model information
of the controlled system, so the computational burden is small
and the robustness is strong.

ADRC is a nonlinear control for uncertain systems, which
can be estimated and compensated by attributing all the sys-
tem’s uncertainties to the system’s total disturbance, utterly
independent of the specific mathematical model of the con-
trolled object. Therefore, it is considered an effective method
for solving nonlinear system control problems in the control
field. In [12], the ADRC controller is applied to the decou-
pled linear subsystem, which effectively improves the robust-
ness of the control system to changes in motor parameters
and load. In [13], a displacement ADRC controller is de-
signed to improve the radial suspension performance of the
BPMSM.

In [14], an ADRC strategy based on the hyperbolic tangent
tracking differentiator (TD) is proposed, simplifying TDs struc-
ture and parameter rectification process. The above work based
on the ADRC controller effectively improves the system’s con-
trol performance, but the disadvantages of the ADRC controller
are a lot of parameters, the poor sensitivity of the parameters, and
the coupling relationship between the parameters, which means
that the selection and debugging of the optimal parameters are
difficult [15]. Usually, the ADRC parameters are determined
by empirical methods, but this method is time-consuming and
makes it difficult to obtain satisfactory control performance
[16]. Therefore, some artificial intelligence tuning methods have
emerged. In [17], an ADRC controller parameter optimization
strategy based on the ant colony algorithm is proposed, which
has the advantage of adjusting many parameters simultaneously,
but the computational efficiency is low. In [18], a method for
optimizing the parameters of the ADRC based on an improved
particle swarm optimization (PSO) genetic algorithm (GA) is
proposed, which improves the situation that the PSO algorithm
easily falls into local optimum and improves the stability of the
algorithm. In [19], backpropagation neural networks (BPNNs)
are introduced to the ADRC controller to solve the controller
parameter tuning problem. However, BPNN is a global approx-
imation network with slow learning speed, which cannot meet
the real-time requirement, and high sensitivity to initial weights.
A method for ADRC parameter tuning based on radial basis
function neural network (RBFNN) is proposed in [20]. RBFNN
has strong nonlinear approximation ability and fast training
speed, but each input sample needs distance calculation with
each radial basis function, which increases the computational

complexity of the network, and the performance of the network
is too dependent on the selection of initial parameters.

In this article, a novel ADRC strategy based on a resilient
backpropagation neural network (RPROPNN) optimized by an
improved differential evolution (IDE) algorithm is proposed to
achieve a strong antidisturbance capability for system parame-
ter variations and uncertain disturbances, hereafter referred to
as improved ADRC (IADRC). First, the elite group bootstrap
mechanism and parameter adaptive technique are introduced to
improve the DE algorithm to accelerate its convergence speed
and enhance its global search capability, and the performance
of the IDE algorithm is verified by the performance test of
the test function. Second, the IDE algorithm is used to opti-
mize the initial weights of RPROPNN to solve the problem
that RPROPNN is easy to converge locally and ensure that it
approaches the global optimum [21]. Finally, it can achieve
automatic optimization of the key parameters of the ADRC, thus
effectively reducing the impact of ADRC parameters on motor
control performance. The control strategy has fast convergence
speed and high reliability. The simulation and experimental
results show that the proposed method in this article has better
control accuracy, response characteristics, and antidisturbance
capability.

II. OPERATION PRINCIPLE AND MATHEMATICAL OF BPMSM

A. Operation Principle of BPMSM

The stator of the BPMSM studied in this article consists of
six L-shaped core columns, each wound with a set of suspension
force windings and a set of torque windings, the pole pairs of
which are recorded as PB and PM, respectively. According to the
conditions of radial suspension force, the pole pairs of the torque
windings and the pole pairs of the suspension force windings
must satisfy PM = PB±1 and the electrical angular frequencies
of the two sets of windings meet equal magnitude and rotate in
the same direction. The winding pole pairs are set to PB = 2
and PM = 1. When current is applied to the suspension force
windings NBd and the torque windings NMd, a four-pole suspen-
sion flux and a two-pole torque flux are generated, respectively.
As shown in Fig. 1(b), when the magnetic fields generated by
the two sets of windings are superimposed, the magnetic field
is strengthened at air gap 1 and weakened at air gap 3, resulting
in a suspension force along the positive direction in the x-axis.
Similarly, the suspension force in the y-axis can be generated by
controlling the current in the suspension force windings NBq.

Fig. 2 illustrates the principle of passive suspension forces
generation. The magnetic field generated by the rotor’s perma-
nent magnets, combined with the principle of minimum reluc-
tance, allows the rotor to be passively suspended in three degrees
of freedom: left-right tilt, front-back tilt, and axial translation.

B. Mathematical Model of BPMSM

1) Mathematical Model of the Suspension Part: According
to the Maxwell tensor method, the radial suspension force math-
ematical model of the BPMSM is established, and the control
current is expressed by the d- and q-axis components, when the
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Fig. 2. Generation principle of passive suspension force.

radial x-axis and radial y-axis offsets are x and y, respectively,
and the radial x-axis suspension force Fx and the radial y-axis
suspension force Fy can be expressed as follows:{

Fx = (kM + kL) (iBdψMd + iBqψMq) + kS · x
Fy = (kM + kL) (iBqψMd − iBdψMq) + kS · y (1)

{
kM = πPBPMLB/(8lrμ0N1N2)
kL = mPMNB/(4rPBN1)

(2)

where iBd and iBq are the current components of the suspension
force windings in the d- and q-axis, respectively, ψMd and ψMq

are the torque windings air-gap flux-linkage components in the
d- and q-axis synthesized by the torque windings and the rotor
permanent magnet, kM is the Maxwell force constant, kL is
the Lorentz force constant, kS is the displacement constants,
PM and PB are the pole pairs of the torque windings and the
suspension force windings, respectively, LB is the inductance of
the suspension force windings, l and r are the rotor length and
radius, respectively, μ0 is the vacuum permeability, and N1 and
N2 are the turns of the torque windings and the suspension force
windings, respectively.

2) Mathematical Model of the Rotating Part: According to
the magnetic field orientation control strategy, the voltage equa-
tion for the torque windings in the rotating coordinate system is
expressed as follows:{

u1d = 0
u1q = PMψfωr = cuωr

(3)

where u1d and u1q are the voltage components of the torque
windings in the d- and q-axis, ψf is the flux linkage generated
by the permanent magnet slice rotor, ωr is the angular speed
of rotation of the permanent magnet slice rotor, and cu is the
voltage–speed coefficient.

The equation for the electromagnetic torque of the BPMSM
is expressed as follows:

Te = (m1PM/2)ψf iMq = cmiMq (4)

where m1 is the phase number of the torque windings and the
suspension windings, iMq is the current component of the torque
windings in the q-axis, and cm is the torque–current coefficient.

According to the rotor dynamics theory, the rotor’s motion
equation can be expressed as follows:⎧⎨

⎩
Fx + Fsx + Fdx = mẍ
Fy + Fsy + Fdy = mÿ
Te − TL = Jω̇r/PM

(5)

where m is the mass of the rotor, Fsx and Fsy are the eccentric
magnetic pull in the x- and y-axis, Fdx and Fdy are the external
disturbance force components in the x- and y-axis, J is the rotor
moment of inertia, ωr is the rotor angular velocity, and TL is the
load torque.

III. ADRC OF BPMSM

The ADRC controller is an advanced control strategy based
on the disturbance observation and dynamic compensation tech-
niques, capable of estimating and compensating for various dis-
turbances inside and outside the system in real time, optimizing
the steady-state and dynamic performance of the system, and
having strong robustness and adaptability to different control
scenarios and complex engineering systems. It consists of three
main components: a TD, an extended state observer (ESO), and
a nonlinear state error feedback (NLSEF). The BPMSM has
an additional set of suspension force windings compared with a
conventional motor, so the ADRC for the rotating and suspension
force parts of the BPMSM must be designed separately.

The ADRC design for the rotating part is given as follows:

TD v̇11 = fhan(v11 − ω∗
r, r, h) (6)

ESO

⎧⎨
⎩
e1 = ωr1 −ωr

ω̇r1 = ωr2 −β11 fal(e1, α1, δ1) +
P 2

MψM

J iMq

ω̇r2 = −β12 fal(e1, α2, δ1)
(7)

NLSEF

⎧⎨
⎩
e2 = v11 −ωr1
iMq0 = kfal(e2, α3, δ2)
iMq = iMq0 − J ωr2

/
P 2
MψM

(8)

where v11 is the tracking value for a given speed, ω∗
r is the given

speed of the system, r is the tracking speed factor, and h is the
filter factor; the error between the tracking value and the given
reference value is processed by the fhan function to obtain an
approximate differential signal of ω∗

r, and the fhan function is
given in (13);ωr1 is the observed value of the actual velocityωr,
ωr2 is an estimate of the total system disturbance, β11, β12, α1,
α2, and δ1 are the control parameters of the ESO; k, α3, and δ2
are the control parameters of the NLSEF, and iMq0 is the control
variable to be compensated. The expression for the nonlinear
function fal is defined as follows:

fal(e, α, δ) =

{|e|αsign(e), |e| > δ
e
/
δ(1−α), |e| ≤ δ.

(9)

The ADRC design for the suspension part is given as follows:

TD

{
v̇21 = v22
v̇22 = fhan(v21 − s∗, v22, r, h)

(10)

ESO

⎧⎪⎪⎨
⎪⎪⎩
ε1 = s1 −s
ṡ1 = s2 −β21 ε1
ṡ2 = s3 −β22 fal(ε1, α′

1, δ
′
1)+F/m

ṡ3 = −β23 fal(ε1, α′
2, δ

′
1)

(11)

NLSEF

⎧⎪⎪⎨
⎪⎪⎩
e21 = v21 − s1
e22 = v22 − s2
F0 = k1 fal(e21, α′

3, δ
′
2) + k2 fal(e22, α′

4, δ
′
2)

F = F0 −ms3
(12)
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Fig. 3. Structure of the RPROPNN.

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

d = rh, d0 = hd, y = v1 + hv2

a0 = (d2 + 8r|y|)1/2

a =

{
v2 + (a0 − d)/2, |y| > d0
v2 + y/h, |y| ≤ d0

fhan = −
{
rsign(a), |a| > d
ra/d, |a| ≤ d

(13)

where v21 is the tracking signal for a given displacement signal s∗
and v22 is the differential signal of v21; s1 and s2 are the observed
and estimated values of the actual displacement s, respectively,
and s3 is the estimated value of the total disturbance. β21, β22,
β23, α’1, α’2, and δ’1 are the ESO control parameters; and k1,
k2, α’3, α’4, and δ’2 are the NLSEF control parameters. The
NLSEF uses a nonlinear function to nonlinearly combine the
errors e21 and e22 to calculate the error feedback control quantity
F0 and then uses the compensation of the disturbance estimate
s3 to determine the final control quantity F. The nonlinear fhan
function is shown in (13).

IV. ADRC STRATEGY FOR BPMSM BASED ON

IDE-RPROPNN

A. Establishment of RPROPNN

The RPROPNN has the excellent nonlinear approximation
capability of the BPNN and is well suited for training neural
networks with mean square error as the performance metric.
The RPROPNN consists of an input layer, a hidden layer, and
an output layer, the structure shown in Fig. 3. The input nodes
are the signal error e1, the differential signal error e2, the system
output y, and the constant 1. The number of nodes in the hidden
layer is determined after several attempts to be six, and the output
nodes correspond to the five adjustable parametersβ21,β22,β23,
k1, and k2 of ESO and NLSEF.

Each layer of the RPROPNN is explained as follows.
The input layer: The function of this layer is to transfer the

input vector to the hidden layer. The output for each node can
be written as follows:

O1
i = xi, i = 1, 2, 3, 4 (14)

where xi is the input variable, and the superscripts 1, 2, and 3
represent the input layer, the hidden layer, and the output layer,
respectively. The hidden layer: The input and output for each

node can be written as follows:{
h2j =

∑6
j=1 w

2
ijO

1
i

O2
j = g(h2j )

j = 1, 2, . . . , 6 (15)

g(x) = (ex − e−x)
/
(ex + e−x) (16)

wherew2
ij is the hidden layer weight. The transfer function of the

hidden layer neurons is chosen as a hyperbolic tangent function
with positive and negative symmetry, and the expression is
shown in (16).

Output layer: The input and output of a node can be written
as follows:{

y3k =
∑6
j=1 w

3
jkO

2
j

O3
k = f(y3k)

k = 1, 2, . . . , 5 (17)

f(x) = ex
/
(ex + e−x) (18)

where w3
jk is the output layer weight. Since the optimization

parameters of the network output should be nonnegative, the
following sigmoid function is used for the transformation func-
tion of the neurons in the output layer, and the expression is
shown in (18).

The training objective of RPROPNN is to minimize the mean
square error of the difference between the network output and
the desired output, and the error indicator function is given by

E(w) =
1

2

∑
(y(k)− ŷ(k))

2
=

1

2

∑
e2error (19)

where y(k) is the actual network output, ŷ(k) is the expected
network output, and eerror is the error.

The RPROP algorithm is a first-order algorithm that uses only
the gradient sign of the iterations to correct the weights with the
following weight update formula:{

w
(k+1)
ij = w

(k)
ij −Δ

(k)
ij · sign(∇E(k))

∇E(k) = ∂E(k)
/
∂w

(k)
ij

(20)

where ∇E(k) is the gradient of the kth iteration and Δ
(k)
ij is the

adaptive correction value, whose learning rule is determined by
the following equation:

Δ
(k)
ij =

⎧⎪⎨
⎪⎩
η+ ·Δ(k−1)

ij , if∇E(k−1) · ∇E(k) > 0

η− ·Δ(k−1)
ij , if∇E(k−1) · ∇E(k) < 0

Δ
(k−1)
ij , if∇E(k−1) · ∇E(k) = 0

(21)

where η+ and η− are the incremental and decremental factors,
respectively, and 0 < η− < 1 < η+.

B. IDE Algorithm

Since the selection of initial weights largely affects the con-
vergence and training time of RPROPNN, if the initial values of
weights are not chosen properly, the weighted inputs are likely
to fall into the saturation region of the activation function, thus
stopping the adjustment of weights. The IDE algorithm is used
to optimize it so that the iterative training of the parameters
is less likely to fall into local extremes, thus accelerating the
convergence speed and finally achieving the global optimization
of the ADRC parameters. In this article, the performance of
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DE algorithm is improved mainly by using an elite population
bootstrap mechanism and adaptive adjustment technique of con-
trol parameters. The following four steps are described in turn:
initialization, mutation, crossover, and selection.

The DE algorithm uses real number encoding to represent
each weight as a real value. A complete set of RPROPNN
weights and the ith individual in the current population can be
represented as follows:{

W = {W1,W2, . . . ,WNP }
Wi = (w1, w2, . . . , wD), i = 1, 2, . . . , NP

(22)

where NP is the size of the population, and D is the dimension
of the object parameters, which is set as 20.

Then, the population fitness is calculated, and the fitness
function is defined as finding the minimum value of the objective
function

f ∗ = f ∗(w′
i) = min (E(w)) (23)

where f∗ is the fitness function, and w′
i is the current optimal

solution after G generation.
Determine whether the individuals in the initial population

meet the termination condition based on the value of the fitness
function and set the termination condition to the maximum
number of evolutionary generations; for individuals with poor
fitness, mutation, crossover, selection, etc., are performed.

Improvement strategies:
1) Elite Group Bootstrap Variation Vector: In the basic DE

algorithm, the variation vector is calculated from three randomly
selected vectors in the parent population, which fails to fully use
the excellent experience in the evolutionary process to guide
the variation direction of new individuals. In this article, we
introduce the concept of the elite population, rank the current
population from good to bad fitness values, and define the top
EP individuals in the population with better fitness values as
the elite population. Individuals in the elite group are used as
the base vector to guide the variation vector to optimize in the
direction of better fitness value. The expression is

EP = ceil

{
NP

4

(
cos

(
Gπ

Gmax

)
+ 1

)}
(24)

where EP is the number of elite individuals, ceil{i} is the smallest
integer greater than i, G is the current number of iterations, and
Gmax is the maximum number of iterations set by the algorithm.
The number of elite individuals is larger at the early stage of
evolution but decreases nonlinearly with the number of iterations
so that it can take into account the diversity of the population at
the early stage of iteration and converge to the global optimal
solution at the later stage, which accelerates the convergence
speed of the algorithm.

2) Adaptive Adjustment Technology for Control Parameters:
The DE algorithm is very sensitive to the choice of param-
eters; the variation factor F affects the search range and the
crossover factor CR determines the search direction. Therefore,
the settings of the variation and crossover factors will have
a profound impact on the convergence performance and the
search efficiency of the algorithm. In this article, the parameter

Fig. 4. Relationship between control parameters with generation number.

TABLE I
COMPARISON TABLE OF SPECIFIC PARAMETERS OF FOUR ALGORITHMS

adaptive adjustment technique is used to adjust the variation
and crossover factors to balance the global exploration and local
opening capability of the algorithm. The adaptive adjustment
method is given as follows:⎧⎨
⎩
F = Fmin + (Fmax − Fmin) · exp

(
0.2π G

Gmax−G
)

CR = CRmin + (CRmax − CRmin) · exp
(
0.2π G

Gmax−G
)
(25)

where Fmin and Fmax are the minimum and maximum values
of the variation factor, respectively, and CRmin and CRmax

are the minimum and maximum values of the crossover factor,
respectively.

The relationship between control parameters F and CR and
evolutionary generations is obtained by plotting the function
image of (25) using MATLAB, as shown in Fig. 4, where the
maximum and minimum values of F and CR are shown in Table I.
Fig. 4 shows the relationship between parameters F and CR and
evolutionary generations. It can be seen from the figure that,
in the initial stage of evolution, the IDE algorithm has large F
and CR, which can make individuals change more, thus ensuring
the diversity of the population and preventing the algorithm from
falling into local optimal solutions. With the increasing number
of evolutionary generations, the F and CR converge to a stable
minimum, which speeds up the algorithm’s convergence to the
optimal solution set and improves the search efficiency of the
algorithm.

In the improved variation strategy, two different individuals
are selected from the parent population to generate a difference
vector that is weighted and linearly combined with elite individ-
uals. The improved variation strategy using the elite population
bootstrap mechanism and the adaptive variation factor is given
as follows:

Vi,G+1 =WEP,G + F (Wr1,G −Wr2,G) . (26)

where WEP,G is the individual in the elite population iterated
to the difference vector, satisfying F�[0,1], Wr1,G, Wr2,G are
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Fig. 5. Convergence curves of four algorithms under two test functions.
(a) Sphere function. (b) Ackley function.

often called difference terms, and r1 and r2 are the random
integers between [1,NP], satisfying r1�r2�i.

In the improved crossover strategy, the crossover operation
increases the population’s diversity; its main effect is to cross the
offspring individuals produced by the mutation with the parent
to produce new individuals. The crossover operation is given as
follows:

U ji,G+1 =

{
V ji,G+1, if rand (0, 1) < CR or j = jrand

Xj
i , otherwise.

(27)

where rand(0,1) denotes a random number between [0,1], CR
is a crossover factor satisfying CR � [0,1], and jrand is a
random number between [1,D], which guarantees that at least
one-dimensional element in the mutant individual evolves into
the next generation of individuals.

Finally, in the selection operation, the DE algorithm adopts
the greedy strategy to select individuals with good fitness values
for the next evolution from the parent individuals Wi,G and the
individuals Ui,G+1 generated by the mutation crossover. The
selection operation is shown as follows:

Wi,G+1 =

{
Ui,G+1, iff ∗ (Ui,G+1) > f ∗ (Wi,G)
Wi,G, otherwise.

(28)

C. Algorithm Performance Testing and Analysis

In order to verify the effectiveness of the proposed algorithm,
the IDE algorithm is written based on the C language, and sim-
ulation tests are performed in Python. Meanwhile, two different
types of benchmark functions, Sphere and Ackley, are selected
for performance testing, and the basic PSO algorithm, GA, and
DE algorithm are compared with the IDE algorithm. The specific
parameters of the algorithm are shown in Table I. Considering
the randomness of the algorithm, each optimization algorithm
is run 30 times, and the fitness function value obtained in the
average case is compared and analyzed. The population size is
set to 175, the number of iterations is set to 300, and the search
range is set to [−55]. The comparison of the results of the four
algorithm runs is shown in Fig. 5. Table II presents the average
value of each algorithm under the two benchmark functions. As
can be seen from the figure, for the Sphere test function, the
IDE algorithm finds the optimal value 0 after the 80th iteration,
while the DE, GA, and PSO algorithms take 294, 277, and
98 iterations to stably converge, respectively. For Ackley test
functions, the IDE algorithm found the optimal value of 0 after
113 iterations, while the DE, GA, and PSO algorithms need 289,

TABLE II
COMPARISON OF AVERAGE VALUES OF ALGORITHMS UNDER DIFFERENT

BENCHMARK FUNCTIONS

Fig. 6. Structure diagram of ADRC optimized by IDE-RPROPNN.

216, and 171 iterations for stable convergence, respectively. The
IDE algorithm proposed in this article has obvious advantages
in terms of final solution accuracy and convergence speed.
This is because the elite group in the IDE algorithm guides
the mutation vector to evolve in a better direction, which can
effectively improve the convergence speed of the algorithm. At
the same time, the adaptively adjusted variation and crossover
factors can effectively coordinate the global exploration and
local exploitation capabilities of the algorithm when processing
the objective function, and better adapt to the characteristics
of particle optimization. In summary, the IDE algorithm has
better performance through the performance test of the test
function.

D. ADRC Parameter Tuning Based on IDE-RPROPNN

Since the BPMSM control system includes a rotating part and
a suspension part, the ADRC parameters of these two parts need
to be adjusted separately, increasing the parameter correction’s
difficulty. ESO is the core of the ADRC, whose primary function
is to estimate and compensate the total disturbance of the system
in real time. Meanwhile, the ADRC uses a nonlinear combina-
tion of error feedback to input the controlled variable, which
greatly impacts the controller performance. Therefore, in this ar-
ticle, using the characteristics of neural network (NN) infinitely
approximating nonlinear functions, we use IDE-RPROPNN to
optimize the key parameters of ADRC in the suspension section,
including β21, β22, and β23 in ESO and k1 and k2 in NLSEF, to
achieve the online adjustment of its key parameters. Then, the
initial values are set for the above parameters, and the appropriate
range of parameter variation is selected based on the empirical
method.

The range of parameters selected in this article is as follows:
β21 � [100,400], β22 � [100,1000], β23 � [50,400], k1 �
[1,100], and k2 � [1,50]. The structure diagram of the second-
order ADRC optimized by IDE-RPROPNN is shown in Fig. 6.
The specific flowchart of the algorithm is shown in Fig. 7.
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Fig. 7. Flowchart of model establishing.

TABLE III
MAIN PARAMETERS OF BPMSM

Fig. 8. BPMSM control block diagram of ADRC based on IDE-RPROPNN.

V. SIMULATION TEST

A. Simulation Parameters and System Composition

In order to verify the effectiveness of the ADRC optimized
by IDE-RPROPNN in the BPMSM control system, a simulation
model of the control system is built in MATLAB/Simulink, and
simulation studies are carried out. The BPMSM parameters used
in the simulation are shown in Table Ⅲ. Combined with Fig. 6,
the control block diagram of the BPMSM ADRC optimized by
IDE-RPROPNN is shown in Fig. 8. The ADRC controller is
written in S function, and IDE-RPROPNN is written in M-file.
In the simulation, the key parameters of the ADRC of the sus-
pension part are automatically optimized by IDE-RPROPNN,

Fig. 9. Speed response curves. (a) Speed step response curves. (b) Speed
response curves for system parameters mismatch.

and the remaining parameters and the parameters of the ADRC
of the rotating part are adjusted by the trial-and-error method and
the empirical method. The ADRC parameters in the simulation
results are as follows.

1) The rotating part:
TD: r = 3000 and h = 0.01;
ESO: α1 = 0.5, α2 = 0.25, δ1 = 0.01, β11 = 160 000, and

β12 = 5000;
NLSEF: α3 = 0.78, δ2 = 0.01, and k = 0.065.
2) The suspension part:
TD: r = 400 and h = 0.01;
ESO: α’1 = 0.5, α’2 = 0.25, δ’1 = 0.003, β21 = 210.3, β22

= 652.5, and β23 = 149.7;
NLSEF: α’3 = 0.5, α’4 = 0.25, δ’2 = 0.01, k1 = 54.2, and

k2 = 5.5.

B. Analysis of Simulation Results

Since this article adopts IDE-RPROPNN to optimize the
ADRC parameters for the suspension part and the rotation part
is still conventional ADRC, the speed simulation results are ba-
sically the same under both methods. Therefore, only the speed
response based on ADRC is given when the speed is accelerated
from 0 to 6000 r/min. As can be seen from Fig. 9, when the
motor speed is accelerated from 0 to 3000 r/min, the ADRC
reaches the given speed at 0.03 s. At 0.25 s, the motor speed is
accelerated to 6000 r/min and the ADRC enters the steady state
at 0.278 s. Under ADRC control, there is almost no overshoot
and the steady-state error in reaching steady state is less than
3 r/min. The speed response curves when the system parameters
are varied are shown in Fig. 9(b). The speed characteristic curves
at 0.5Rs and 0.5Ls and when the system parameters are normal
show basically no overshoot, whereas an overshoot of 53 r/min
occurs at 2Rs and 2Ls. A load of 7 N·m applied to the system
at 0.35 s reduces the speed by 36 r/min at 0.5Rs and 0.5Ls
and normal system parameters, whereas the speed is reduced
by 62 r/min at 2Rs and 2Ls. The above results show that the
ADRC is insensitive to changes in system parameters and has
good dynamic response and speed characteristics.



SUN AND ZHU: ADRC OF BPMSM BASED ON RPROPNN OPTIMIZED BY IMPROVED DIFFERENTIAL EVOLUTION ALGORITHM 3071

Fig. 10. Rotor radial displacements curves in the x and y directions. (a) SMC.
(b) ADRC. (c) BPNN-ADRC. (d) IADRC.

Radial displacement waveforms of the rotor in the x- and
y-direction are shown in Fig. 10. The initial position of the
slice rotor is (−0.15 mm, −0.2 mm). When the motor begins
to accelerate, the slice rotor position also begins to be adjusted.
In the x-direction, the maximum radial displacement value of
the sliding-mode control (SMC), ADRC, and BPNN-ADRC is
0.042 mm, 0.033 mm, and 0.031 mm, respectively, and the mini-
mum values of stabilization time are 0.061 s, 0.056 s, and 0.045 s,
respectively. However, the maximum radial displacement value
of the IADRC is 0.029 mm, and the minimum value of the stabi-
lization time is 0.039 s. In the y-direction, the maximum radial
displacement value of the SMC, ADRC, and BPNN-ADRC is
0.062 mm, 0.056 mm, and 0.049 mm, respectively, and the mini-
mum values of stabilization time are 0.069 s, 0.063 s, and 0.047 s,
respectively. However, the maximum radial displacement value

Fig. 11. Training error curve. (a)Training error of RPROPNN. (b) Training
error of IDE-RPROPNN.

Fig. 12. Curve of parameter variation optimized by IDE-RPROPNN.
(a) Optimization curve of β21. (b) Optimization curve of β22. (c) Optimization
curve of β23. (d) Optimization curve of k1. (e) Optimization curve of k2.

of the IADRC is 0.047 mm, and the minimum value of the stabi-
lization time is 0.042 s. At 0.2 s, a 10 N disturbance force is added
in both the x- and y-direction, and a load of 7 N·m is applied to the
system at 0.35 s. It can be seen from the figure that the proposed
method has stronger antidisturbance ability and stability. In
addition, when the system parameters change, the proposed
method is little affected by the parameter disturbance, which
further proves the reliability and robustness of the IADRC.

C. Convergence Analysis of IDE-RPROPNN

The convergence of IDE-RPROPNN is verified in this part.
The mean square error between the expected and measured
values is used as the evaluation criterion to visually compare
the models built by RPROPNN and IDE-RPROPNN, and the
training error is shown in Fig.11. The convergence curve of
parameters β21, β22, β23, k1, and k2 under the IADRC is
shown in Fig. 12. After 262 iterations, the training error value
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Fig. 13. Schematic diagram of the experimental platform.

Fig. 14. Experimental waveforms of radial displacement in the x- and y-
direction. (a) SMC. (b) ADRC. (c) BPNN-ADRC. (d) IADRC.

of RPROPNN is less than the set value of 0.0004 and the
performance of the algorithm reaches convergence accuracy.
And the training error value of IDE-RPROPNN is less than
0.0004 after only 103 iterations. Compared with RPROPNN,
the number of iterations of IDE-RPROPNN is significantly
reduced under the condition of achieving the same training
accuracy. This can indicate that the IDE algorithm can indeed
play a role in the optimization of RPROPNN with significantly
fewer iterations and correspondingly faster convergence, thus
verifying the convergence of IDE-RPROPNN.

VI. EXPERIMENTAL RESEARCH

In order to further verify the effectiveness of the proposed
strategy, two control methods are applied to a 4-kW BPMSM
prototype for experimental verification. The prototype exper-
imental platform in this article is shown in Fig. 13. In the
experiment, the parameters of the prototype are the same as
those of the simulation, and the sampling frequency is set to
20 kHz. TMS320F28335 is used as the controller to build a
digital control system. The experimental results are shown in
Figs. 14–17.

Fig. 15. Experimental waveforms of rotational speed and radial displacement
in the x-direction. (a) SMC. (b) ADRC. (c) BPNN-ADRC. (d) IADRC.

A. Static Suspension Experiment

The experimental waveforms of radial displacement in the x-
and y-direction when the rotor is running at 1000 r/min and stably
suspended are shown in Fig. 14. The displacement amplitudes
of the SMC are about 38 μm and 54 μm in the x- and y-direction,
respectively. The displacement amplitudes of the ADRC are
about 30 μm and 48 μm in the x- and y-direction, respectively.
The displacement amplitudes of the BPNN-ADRC are about
28 μm and 40 μm in the x- and y-direction, respectively. The
displacement amplitudes of the IADRC are about 24 μm and
28 μm in the x- and y-direction, respectively. It can be seen that
the static suspension performance of the system is effectively
improved under the IADRC.

B. Speed Variation Experiment

The experimental waveforms of rotational speed and the
x-direction radial displacement when the speed accelerates from
1500 to 2500 r/min are shown in Fig. 15. There is almost no
overshoot under the four control methods, and the difference in
adjustment time is very small. During the speed rise, the dis-
placement vibration amplitude in the x-direction of the control
strategy used in this article is significantly smaller than that of
the other methods, and it is almost unaffected when the speed
changes, while the rotor vibration amplitude is also significantly
reduced after the speed stabilization (the displacement change
in the y-direction is similar to the x-direction, so it is not shown
again). The experimental results show that the IADRC method
proposed in this article has better dynamic performance and
can achieve stable suspension of the rotor at different rotational
speeds, and the suspension force is significantly reduced by the
influence of torque and the decoupling performance is improved.

C. Antidisturbance Experiment

When the speed is stable at 1500 r/min, a radial disturbance
force of the same direction and size 10 N is applied to the rotor
using a tensiometer, and the radial displacement curves under the
four methods are shown in Fig. 16. From the figure, it can be seen
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Fig. 16. Experimental waveforms of radial displacement when the rotor is
disturbed. (a) SMC. (b) ADRC. (c) BPNN-ADRC. (d) IADRC.

that the disturbance amplitudes of SMC are 46 μm and 54 μm
in the x- and y-direction, respectively, and the adjustment time
is 70 ms. The disturbance amplitudes of ADRC are 41 μm and
47 μm in the x- and y-direction, respectively, and the adjustment
time is 63 ms. The disturbance amplitudes of BPNN-ADRC are
31 μm and 39 μm in the x- and y-direction, respectively, and the
adjustment time is 55 ms. The disturbance amplitudes of IADRC
are 24 μm and 32 μm in the x- and y-direction, respectively, and
the adjustment time is 42 ms. From the analysis of the above data,
it can be seen that the proposed method has good antidisturbance
ability and higher suspension force control accuracy, which
verifies that the controller designed in this article has stronger
robustness.

D. Load Experiment

When the speed is stable at 1500 r/min, a water load of 7 N·m
is applied to the system through the pump chamber. The speed
response curve under ADRC control shows no steady-state error
and the transition is relatively smooth, and the experimental
waveforms are shown in Fig. 17. The disturbance amplitudes of
SMC are 42μm and 50μm in the x- and y-direction, respectively,
and the adjustment time is 72 ms. The disturbance amplitudes
of ADRC are 38 μm and 44 μm in the x- and y-direction,
respectively, and the adjustment time is 65 ms. The disturbance
amplitudes of BPNN-ADRC are 30 μm and 35 μm in the x- and
y-direction, respectively, and the adjustment time is 57 ms. The
disturbance amplitudes of IADRC are 23μm and 30μm in the x-
and y-direction, respectively, and the adjustment time is 43 ms.

The above experiment is repeated when the motor is running
stably at 2500 r/min. The experimental waveforms are shown
in Fig. 17. The disturbance amplitudes of SMC are 50 μm and
54 μm in the x- and y-direction, respectively, and the adjust-
ment time is 80 ms. The disturbance amplitudes of ADRC are
42 μm and 49 μm in the x- and y-direction, respectively, and
the adjustment time is 72 ms. The disturbance amplitudes of
BPNN-ADRC are 40 μm and 44 μm in the x- and y-direction,
respectively, and the adjustment time is 68 ms. The disturbance

Fig. 17. Experimental waveforms of radial displacement for sudden load.
When the rotor speed is 1500 r/min. (a) Rotational speed. (b) SMC. (c) ADRC.
(d) BPNN-ADRC. (e) IADRC. When the rotor speed is 2500 r/min. (f) Rotational
speed. (g) SMC. (h) ADRC. (i) BPNN-ADRC. (j) IADRC.

amplitudes of IADRC are 30 μm and 32 μm in the x- and
y-direction, respectively, and the adjustment time is 65 ms. The
above results show that the effect of load on rotor suspension
control is reduced after using the proposed method, which
verifies that the proposed control method has better antiload
disturbance ability.

VII. CONCLUSION

In order to improve the antidisturbance performance and
suspension performance of the BPMSM, an ADRC control
strategy based on IDE-RPROPNN is proposed. Through theoret-
ical analysis, simulation, and experimental study, the following
conclusions are drawn.

1) The proposed IDE-RPROPNN improves the situation that
the DE algorithm is easy to fall into the local optimum,
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enhances the global search ability, and improves the op-
timization accuracy and stability of the algorithm while
speeding up the convergence speed.

2) The strategy uses self-learning ability to optimize ADRC
parameters, which reduces the difficulty of parameter
tuning.

3) The comparative experimental results show that under the
IADRC control, the rotor suspension steady-state error,
and the radial displacement disturbance caused by the
velocity step response, the radial interference force and
load are significantly improved, and the IADRC has better
dynamic, static, and antidisturbance performance.
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