
5298 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 5, MAY 2024

Nonlinear Fast Modeling Method of Flux Linkage
and Torque for a 12/8 Switched Reluctance Motors

Xiaodong Sun , Senior Member, IEEE, Nuonuo Wang , Yunfei Cao , Dong Guo, Ming Yao ,
Yueping Sun , and Yefei Xiong

Abstract—This article presents a nonlinear modeling method for
the flux linkage and torque of a switched reluctance motor. The
method is based on universal weighted least squares support vector
machine regression (WLSSVR), combined with entropy method
(EM) and improved coyote optimization algorithm (COA) to opti-
mize the kernel parameters. Among them, EM can well improve the
error of the general WLSSVR in the selection of sample weights,
and the improved COA can prevent the system from falling into
local optimum and improve the iteration speed. This SRM modeling
method, which combines WLSSVR based on entropy and improved
COA, can improve the modeling speed on the premise of ensuring
the modeling accuracy mode speed. Finally, the effectiveness of the
algorithm is verified by experiments.

Index Terms—Coyote optimization algorithm, nonlinear
modeling, switched reluctance motor, weighted least squares
support vector machine regression.

NOMENCLATURE

SRM Switched reluctance motor.
WLSSVR Weighted least squares support vector regres-

sion.
EM Entropy Method.
COA Coyote optimization algorithm.
EV Electric vehicle.
HEV Hybrid electric vehicle.
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FEA Finite element analysis.
BPNN Back propagation neural network.
RBFNN Radial basis function neural network.
RBFN-AFS Radial basis function network.
SVR Support vector machine regression.
LSSVR Least square support vector machine regres-

sion.
BVC-RBF Radial basis function neural network with

boundary value constraints.
GA Genetic algorithm.
PSO Particle swarm optimization.
GWO Gray wolf optimization algorithm.
BP-MTN Multidimensional Taylor network based on

backpropagation.
DTC Direct torque control.
TSF Torque sharing function.
EM-WLSSVR Weighted least squares support vector regres-

sion.
MAE Mean absolute error.
RMSE Root mean square error.
SD Standard deviation.
ωR Speed fluctuation.
TRM Torque ripple.

I. INTRODUCTION

A. Motivation

A S ENVIRONMENTAL pollution becomes more and more
serious, research on electric vehicle (EV) and hybrid elec-

tric vehicle (HEV) has become more and more popular [1],
[2], [3]. Therefore, as the core original components of EVs and
HEVs, the research on drive motors has received more and more
attention. At present, the mainstream drive motors are often
composed of permanent magnet synchronous motor (PMSM)
[4], [5], [6]. However, PMSM are more expensive because
they contain permanent magnets. And permanent magnets are
prone to irreversible demagnetization under high-temperature
conditions, which will reduce the efficiency of the motor.

Switched reluctance motor (SRM) can well overcome the
above problems. SRM have a large starting torque, there is no
permanent magnet, and each phase is independent, so it is cheap
and has good fault tolerance [7], [8], [9], [10]. In SRM sensorless
control, perturbations such as parameter adaptation and mutual
coupling will produce flux linkage errors. Xiao et al. [9] used
the augmented state observer and small signal approximation
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model, the transient performance of the rotor was improved,
and the estimation accuracy of the rotor position and speed was
increased.

However, its inherent double salient structure leads to the
highly nonlinear characteristics of its magnetic and torque char-
acteristics [11], [12]. Therefore, it is difficult to derive its com-
prehensive mathematical model, which increases the difficulty
of its control. Its high torque ripple characteristics also limit its
wide application in EV and HEV [13], [14]. Therefore, the study
of nonlinear modeling of the flux linkage and torque of SRM is
of great research significance.

B. Related Research

In the research process of nonlinear modeling of SRM, the
finite element analysis (FEA) [15], [16], [17] is the most used.
The biggest advantage of this method is its high accuracy, but
the higher the accuracy, the longer the calculation time, so it
is not a highly implementable solution. In addition, analytical
modeling methods are also used to model SRM. In [18], a
model of magnetic equivalent circuits is proposed to facilitate
the calculation of flux linkage and torque. In [19], a modeling
method using the fourth-order Fourier series and Kriging model
was proposed to better describe the flux linkage and torque
characteristics. These two methods do not require FEA data,
but the analytical model is quite complex and the accuracy is
difficult to guarantee.

In [20], the method of constructing the SRM rotor position
model through actual measurement and then using the improved
algorithm of Back propagation neural network (BPNN) and
radial basis function neural network (RBFNN) [21] was pro-
posed, which can accurately predict the rotor position. In [22], an
adaptive fuzzy system based on a radial basis function network
(RBFN-AFS) is modeled as a 6/4-pole SRM, and the sample
data for training and learning is obtained by experimental mea-
surement. All of them can achieve higher accuracy. A new radial
basis function neural network with boundary value constraints is
proposed in [23] to calculate the flux linkage data. An improved
multidimensional Taylor network architecture based on error
backpropagation algorithm is proposed in [24]. However, there
are many control parameters based on these methods, and a
large number of thresholds and weights need to be updated each
time, so the convergence speed will be too slow. If you want to
improve the accuracy, you need to increase the number of hidden
layers, which will greatly increase the research cost. Therefore,
the practicality of these methods is not high.

Support vector machine regression (SVR) is a small-sample
learning method, which can avoid the overfitting problem of
general algorithms [25], so it is more suitable for dealing with
the nonlinear modeling problem of flux linkage and torque of
SRM. The general SVR is difficult to solve the problem of mul-
ticlassification. Therefore, in the nonlinear modeling of SRM,
the least square support vector machine regression (LSSVR) is
often used to replace the general SVR [26]. To enhance the
anti-interference ability of LSSVR against abnormal points,
a weighted least squares support vector machine regression
(WLSSVR) was proposed. WLSSVR assigns different weights

according to different training samples, which can alleviate
the robustness of LSSVR during complex calculations. The
accuracy and real-time performance of the model are guaran-
teed by selecting suitable activation function and polynomial
order. Chen et al. [27] proposed a polynomial, which takes into
account the error percentage correction coefficient to quickly
and accurately build the flux linkage and torque model, which
greatly reduces the time of multiobjective optimization process.
Mihic et al. [28] presented a new analytical model which takes
into account the mutual coupling effects between two or more
simultaneously excited phases and reduce the number of input
parameters.

Whether it is LSSVR or WLSSVR, the core parameters have
a high impact on the performance of the algorithm, so the
WLSSVR algorithm needs to be combined with an optimization
algorithm. Currently, the more commonly used algorithms in-
clude genetic algorithm (GA) [29], particle swarm optimization
(PSO) [30], [31], gray wolf optimization algorithm (GWO) [32],
[33], and coyote optimization algorithm (COA).

Among these more commonly used algorithms, GA cannot
use the feedback information of the network in time. The local
search ability of PSO is poor, and it is easy to fall into the local
extreme value. GWO has shortcomings such as low convergence
accuracy and insufficient convergence speed. COA has a unique
algorithm structure, which provides a new mechanism for the
balance of exploration and development in the optimization
process.

Direct torque control (DTC) [34] and torque sharing function
(TSF) [35] are the most commonly used torque control methods
used in SRM control. DTC and TSF are also often used for al-
gorithm or model verification of SRM [36], [37]. The principles
of the two are essentially different, but both can play a good role
in suppressing torque ripple [38].

C. Contributions

In this article, an entropy method (EM) based on the improved
coyote algorithm, WLSSVR, is proposed for the nonlinear
modeling of SRM flux linkage and torque. Compared with the
existing BPNN, RBFNN, and RBFN-AFS, EM-WLSSVR can
improve the modeling speed while ensuring the modeling accu-
racy. When high modeling accuracy is required, EM-WLSSVR
does not need a long time to complete the entire nonlinear
modeling. The main contributions of this article are as follows.

1) Since the weights brought by the general WLSSVR are
linearly distributed, there is a certain error in the selection
of samples. In order to reduce the error in sample selection
of WLSSVR, the regression model was optimized with
EM.

2) The improved COA is used to optimize the neural network.
Through the introduction of Wolf pack, the iteration rate of
adult wolf will be greatly improved, and the local optimal
situation can be effectively alleviated.

3) The EM-WLSSVR proposed in this article establishes a
complete SRM nonlinear modeling system, and retains
the application of FEA in SRM, which can ensure the
basic modeling accuracy. And the new modeling method
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Fig. 1. Topology of 3-phase 12/8 SRM.

can replace the parameter table in SRM, so it has a high
application value.

D. Article Organization

The rest of this article is organized as follows. Section II
describes the basic mathematical models and FEA principles
of SRM, and explains the shortcomings of FEA. Section III
shows the mathematical models of the traditional WLSSVR
and the improved EM-WLSSVR and clarifies their advantages.
Section IV shows the mathematical models of traditional COA
and improved COA and clarifies their advantages. Section V
combines improved COA and EM-WLSSVR and simulates to
verify their superiority, combines nonlinear modeling with DTC
and TSF control systems commonly used in SRM, and verifies
the accuracy and effectiveness of the proposed nonlinear model-
ing method through experiments. Finally, Section VI concludes
this article.

II. CHARACTERISTICS OF THREE-PHASE 12/8 SRM

A. Structural Characteristics of 12/8 SRM

There are 12 stator poles in a 12/8 SRM, including 12 excita-
tion poles. The excitation pole is full of windings. This structure
is essentially formed by overlapping two 6/4 structures. This
structure is a short magnetic circuit structure. The adjacent stator
poles and the two opposite stator poles are energized at the same
time, and the current is closed when the current passes through
the other stator pole. This structure provides a buffer when the
motor is commutated and reduces the torque dead zone. Fig. 1.
illustrates the topology of a 3-phase 12/8 SRM.

B. Mathematical Model of SRM

First of all, the voltage balance equation of the phase voltage
is obtained from the basic theorem of the circuit

Uk = Rkik − ek = Rkik +
dψk
dt

. (1)

Among them, Uk, Rk, ik, ek, and ψk represent phase voltage,
phase resistance, phase current, induced electromotive force, and

Fig. 2. Two-dimensional curve group of FEA results. (a) Flux linkage.
(b) Torque.

winding flux, respectively. Among them, the flux linkageψk can
be expressed as a function of the current i and the rotor angle θ

ψk(ik, θ) = Lk(ik, θ) · ik. (2)

When ignoring the mutual inductance between windings, the
mechanical energy output by each phase of the SRM in one cycle
isWk =

∮
idψ . Based on the principle of virtual displacement,

the instantaneous electromagnetic torque at any point can be
expressed as

Tmx = −∂W
∂θ

∣∣∣∣
ψ=const

=
∂W ′

∂θ

∣∣∣∣
i=const

. (3)

In the formula, W is the energy storage of the winding,
W = ∫ψ0 i(ψ, θ) dψ. W’ is the coenergy of the winding, W ′ =
∫ i0 ψ(i, θ) di.

Finally, the entire working range of the SRM is integrated,
and the expression of the average output electromagnetic torque
is obtained

Te =
mNr
2π

∫ 2π/Nr

0

Tmx(θ, i)dθ. (4)

Theoretically, the value of electromagnetic torque can be
directly calculated by the formula (3), but the instantaneous
torque Tmx of SRM is a highly nonlinear value, and there is
no accurate expression to describe its relationship with rotation
angle θ and phase current i, neither the SRM’s flux linkage ψk.

C. Application of FEA in SRM Modeling

FEA is a numerical calculation method for solving the ap-
proximate value of the true solution of partial differential equa-
tions. Therefore, FEA is often used to analyze the mathematical
relationship between current-angle-flux [i−θ−Ψ] and current-
angle-torque [i−θ−T]. The relationship data of magnetic flux
and torque with current and rotor position angle are obtained
by the following method. The data of the rotor position angle is
obtained through finite element analysis and stored in the form
of a table. Then, the conversion from magnetic flux and rotor
position angle to current is realized by a nonlinear interpolation
algorithm. In the same way, the conversion from current and
rotor position angle to current and the conversion from current
and rotor position angle to torque can also be achieved by
nonlinear interpolation. Fig. 2. illustrates the two-dimensional
(2-D) curve group of flux linkage and torque results under FEA.
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Fig. 3. Three-dimensional distribution diagram of FEA results. (a) Flux link-
age. (b) Torque.

Fig. 3 illustrates the 3-D distribution diagram of flux linkage and
torque results under FEA.

However, the look-up table data produced by the FEA method
is discretely distributed, which means that the look-up table
method cannot achieve very high accuracy. If you want to
improve the accuracy, you must shorten the sampling interval
of current and angle, but this will greatly increase the amount of
data, which will increase the cost of research. Therefore, FEA
is not the optimal solution.

III. SRM NONLINEAR MODELING BASED ON EM-WLSSVR

A. Basic Principles of WLSSVR

First, the training sample set (xi, yi)|i = 12,3, . . ., n, is
established. Among them, xi is an n-dimensional input variable,
and yi is an output variable, where xi � Rn and yi � R.

Therefore, the regression model is established

f(x) = ωT · φ(x) + b (5)

where the φ(x) is the spatial mapping function, ω is the weight
vector matrix, and b is the deviation vector. As long as there is
an input variable xi, the output value yi can be obtained through
the regression function.

Then, the standardized cost function of LSSVR can be ex-
pressed as{

minJ(ω, ξ) = 1
2‖ω‖2 + C

2

∑n
i=1 σiξ

2
i

s.t. yi = ωT · φ(xi) + b+ ξi, i = 1, 2, 3, . . . , n.
(6)

Among them, C is a regularization parameter, which is often
used to balance the empirical error of the model,σi is the weight,
and ξi is the fitting error.

To find the optimal solution of the function, (6) is transformed
into the form of the Lagrange equation

L(ω, ξ, α, b) = J(ω, ξ)−
n∑
i=1

αi(ω
T · φ(xi) + b+ ξi − yi).

(7)
In (7), αi is the Lagrangian multiplier. According to Karush–

Kuhn–Tucker conditions, it can be obtained(
0 eT

e K + C−1U

)(
b
α∗

)
=

(
0
y

)
. (8)

In (8): K is the kernel matrix, I is the identity matrix, and
y is the set of output vectors. The specific expression of each

parameter is⎧⎨
⎩
K = Kij = φ(xi)

Tφ(xj) = K(xi, xj)

y = (y1, y2, y3, . . . , yn)
T

e = (1, 1, 1, . . . , 1)T .

(9)

According to (8) and (9), α∗
i and b can be solved. Therefore,

another regression expression of LSSVR can be obtained

f(x) =

n∑
i=1

αiK(xi, xj) + b. (10)

In (10), K(xi,xj) is the kernel function. The difference in
K(xi,xj) determines the performance of the regression model.
This article uses the Gaussian kernel function as the choice of
the regression model. The expression of the Gaussian kernel
function is as follows:

K(xi, xj) = e−
‖xi−xj‖2

λ . (11)

In (11), λ is the kernel parameter.
The regression function form of WLSSVR can be obtained,

and the Sunken principle is the most commonly used, and its
specific expression is as follows:

f(x) =

n∑
i=1

α∗
iK(xi, xj) + b (12)

σi =

⎧⎪⎪⎨
⎪⎪⎩
1,

∣∣∣ ξiŝ ∣∣∣ ≤ s1

(s2 −
∣∣∣ ξiŝ ∣∣∣)/(s2 − s1), s1 <

∣∣∣ ξiŝ ∣∣∣ ≤ s2

10−4, otherwize.

(13)

In (13), s1 and s2 are determined by the distribution of sample
error ξi, and ŝ is related to the sample error ξi of WLSSVR

ŝ =
Q

2× 0.6745
. (14)

In (14), Q is the interquartile difference of the sample
error ξi.

B. Principle of WLSSVR Based on Entropy Method

The essence of WLSSVR is to weight according to the pre-
diction error of the modeled samples. If the error is large, it
means that the contribution of the sample to the model is small,
the corresponding weight is small, and vice versa. However,
the weights corresponding to different samples are linearly
distributed, so there is a certain error in the selection of samples.
According to the limitations of general WLSSVR, EM is used
to optimize the regression model. When considering the weight
relationship between different features, the EM can be used to
judge the influence of the feature on the whole according to the
degree of dispersion of each feature and determine its weight.

In the modeling problem, when the input variable xi is an
n-dimensional vector, i.e., xi = [xi1, . . ., xin]. Then, the data
must be preprocessed first to eliminate the dimension and avoid
the magnitude difference between the various features. Through
the normalization method, the variables of each dimension fall
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into the interval of [0,1], and the normalized data is

tij =
Aij − min{Aij , A2j , . . . , Anj}

max{Aij , A2j , . . . , Anj} − min{Aij , A2j , . . . , Anj} .
(15)

Among them, i = 12,3, . . .n, and j = 12,3, . . .n.
It is supposed that input matrix A consists of n n-dimensional

vectors

A =

⎛
⎜⎜⎜⎝
A1

A2

...
An

⎞
⎟⎟⎟⎠ =

⎛
⎜⎜⎜⎝
A11 · · · A1n

A21 · · · A2n

... · · · ...
An1 · · · Ann

⎞
⎟⎟⎟⎠ . (16)

Therefore, the proportion of American characteristics of ma-
trix A can be expressed as

Bij =
Aij∑n
i=1Aij

. (17)

According to the definition of entropy, the input entropy value
can be expressed by Ej

Ej = Kn

n∑
i=1

Bij · ln(Bij). (18)

Among them, the constant Kn = −1/ln(n), so that 0 ≤ Ej ≤
1 can be guaranteed, and when A1j = A2j = · · · = Anj, B1j =
B2j = · · · = Bnj = 1/n, so this time Ej = 1, the item has no
reference significance, and the impact can be ignored.

Next, use Dj to indicate the degree of consistency of the jth
dimension

Dj = 1− Ej . (19)

It can be seen from this that the greater the consistency, the
smaller the entropy, and the better the system robustness, so the
weight is greater, and vice versa, the weight wj can be expressed
as

wj =
Dj∑n
i=1Dj

, j = 1, 2, . . . , n. (20)

Finally, new input variables with weights can be obtained

uij = tij · wji = 1, 2, . . . , n; j = 1, 2, . . . , n. (21)

It can be seen that the processed input data uij not only elim-
inates the influence of dimensions but also reflects the weight
relationship between different features, which has a larger or
smaller effect on modeling. The processed input and output data
sample set {(xi, yi)│i = 12,. . .,n,} are applied to the WLSSVM
modeling to build a regression model of the multi-input system

f(u) =

n∑
i=1

α∗
iK(u, ui) + b. (22)

Fig. 4 shows the algorithm flow of the entropy method in
WLSSVR.

Fig. 4. Algorithm flow chart of the entropy method in WLSSVR.

IV. APPLICATION OF THE IMPROVED COA

A. Basic Principle of Conventional COA

The Coyote optimization algorithm is an intelligent bionic
optimization algorithm proposed by Juliano in 2018. Compared
with other meta-heuristic algorithms. COA can improve the
convergence efficiency while maintaining a high population
diversity.

COA simulates the birth, growth, death, and migration of the
coyote population. The specific process is as follows.

Step 1: Parameters Np, Nc, D, are defined. Among them: Np is
the wolf group, Nc is the number of wolves without a group,
D is the dimension of the search space.

Step 2: The coyotes are initialized, where the random individual
wolf can be expressed as

xp,tc,j = lbj + rj(ubj − lbj). (23)

Among them, xp,tc,j can be described as: in the j dimension,
the ith coyote individual in the p group at time t. ubj and lbj,
respectively, represent the upper and lower limits of the jth
dimension, and rj is a random number in [0,1]. Therefore, the
entire wolf pack can be expressed as

xp,tc = (xp,tc,1, x
p,t
c,2, x

p,t
c,3, . . . , x

p,t
c,D). (24)

Step 3: The habits of the wolf pack are defined. First of all,
the coyote has certain adaptability, which is expressed by the
function fitp,ti

fitp,ti = f(xp,ti ). (25)

In addition to adaptability, coyotes sometimes break away
from or are expelled from the original group and form group
changes. The probability of occurrence is defined as

Pe = 0.005 ·N2
c , Nc ≤ 14. (26)

Step 4: There will be a chief wolf in every wolf pack. Since the
chief wolf is the leader in its group, its ability to adapt to the
environment is the worst. So, the chief wolf can be represented
by alphap,t

alphap,t =
{
xp,ti

∥∥arg {i = 1, 2, . . . , N}minf(xpti )
}
.

(27)
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In addition, there will be a cultural trend in the wolf pack,
which can be expressed as

cultp,tj =

{
Op,t(Nc+1)/2,j Nc is odd

Op,t
(Nc+1)/2,j

+Op,t
Nc/2,j

2 Nc is even
. (28)

In (28), Op,t(Nc+1)/2,j and Op,tNc/2,j
, respectively, represent the

median of the j-dimension variable of all the coyotes in the p
group at the tth time when Nc is odd or even.

Step 5: Coyotes will be born and die. And To simulate the
genetic effect, the birth of a new coyote pupp,tj is written
as a combination of the social status of the parents and the
environmental impact

pupp,tj =

⎧⎪⎨
⎪⎩
socp,tm1,j

randj < Ps or j = j1

socp,tm2,j
randj < Ps+Pa or j = j2

Rj other

. (29)

Among them, m1 and m2 are random coyotes from the p wolf
pack, j1 and j2 are the two random dimensions of the problem,
Rj and randj are random numbers in [0,1] generated by uniform
probability. And Ps = 1

D , Pa = 1−Ps

2 .

Step 6: With the birth and death of wolves, new individuals will
be produced. In addition, the new individual coyote is also
affected by the wolves in the pack and cultural trends. The
impact can be expressed by δ1 and δ2{

δ1 = alphap,t − xp,tcr1
δ2 = cultp,t − xp,tcr2.

(30)

In (30), cr1 and cr2, respectively, are random coyotes in the
current population.

Affected by wolves and cultural trends within the group, all
wolves in the group have been updated to obtain new_xp,ti , which
can be expressed as

new_xp,ti = xp,ti + r1δ1 + r2δ2. (31)

Among them, r1 and r2 are real numbers in the range of [0,1]
generated by uniform probability.

Due to the renewal of the wolf pack, it is necessary to select
the best fit between the new coyotes and the original coyotes and
to retain the best coyotes xp,t+1

i

xp,t+1
i =

{
new_xp,ti f(new_xp,ti ) < f(xp,ti )

xp,ti other
. (32)

B. Principle of Improved COA

The disadvantage of conventional COA is that the birth of
wolf cubs is determined randomly. So the lead wolf alphap,t

will often survive natural selection. Therefore, the general COA
will not only appear in large useless numbers. Iteratively, it is
easy to fall into the local optimum.

In (33), k is the number of iterations

new_xp,ti = ωk · xp,ti + r1δ1 + r2δ2 (33)

where ωk represents the state weight of the coyote. Therefore, if
the number of iterations is small, the death of the little wolf will

not have a big impact, and if the number of iterations is large, the
older wolves in the population should also reduce their impact
on the population. Therefore, ωk can be expressed for

ωk = ln3(1+0.95k)
1
2k . (34)

When k is very small, ωk ≈ 1 or even ωk > 1 happens,
and new coyote individuals will not have a big impact on the
entire optimization process. As k will gradually increase and ωk

will continue to decrease, new coyote individuals will gradually
become dominant status. n was increased by introducing new
coyote individuals.

Before introducing a new coyote individual, two operators
need to be defined {

δ3 = cultp,t − xp,tcr3
δ4 = cultp,t − xp,tcr4.

(35)

In (35), xp,tcr3 and xp,tcr4 represent random coyotes in the group.
On this basis, two parameters can be defined⎧⎪⎨

⎪⎩
x̄ti,j =

xp,t
i,j−lbj
ubj−lbj

cul̄tti,j =
cultp,ti,j−lbj
ubj−lbj

(36)

In (36), x̄ti,j and cultti,j , respectively, represent the level of
the introduction of coyotes and the level of the current cultural
trend of wolves.

Finally, the new individual coyote can be expressed as

new_xp,ti

=

⎧⎨
⎩
ωk · xp,ti + r1δ1 + r2δ2 x̄ti,j < 0

ωk · xp,ti + r1δ1 + r2δ2 + r3δ3 x̄ti,j < cult̄ti,j
ωk · xp,ti + r1δ1 + r2δ2 + r3δ3 + r4δ4 x̄ti,j > cult̄ti,j .

(37)

The r1, r2, r3, r4 are random numbers between [0,1]. In the
new update formula, different operator values can be assigned
according to the strength of different introduced wolves x̄ti,j. If
the newly introduced coyote is weak, then it will not have an
impact on the wolf system. If x̄ti,j is strong enough, then it will
have a great impact on the new wolf pack system. After that, the
iteration rate of the lead wolf alphap,t will be greatly improved,
and the local optimal situation can be effectively reduced. Fig. 5
shows the algorithm flow chart of the improved COA.

V. EXPERIMENTAL VALIDATION

A. Verification of EM-WLSSVR

The proposed EM-WLSSVR was compared with other al-
gorithms, such as SVM and LSSVR to verify the usability and
performance. Mean absolute error (MAE) and root-mean-square
error (RMSE) methods are used to evaluate the modeling speed
and accuracy of the model. And the expressions of MAE and
RMSE are as follows:⎧⎨

⎩
MAE = maxnj=1 |yj − yj0|
RMSE =

√
1
n

∑n
j=1 (yj − yj0)

2 . (38)
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Fig. 5. Algorithm flow chart of entropy method in improved COA.

Fig. 6. Fitting results of SVM, LSSVR, and EM-WLSSVR under different
SDs.

TABLE I
COMPARISON RESULTS OF MAE/RMSE OF DIFFERENT ALGORITHMS UNDER

DIFFERENT STANDARD DEVIATIONS

In (38), yj is the output regression value and yj0 is the sample
data.

First, the test Sinc function is used for performance testing.
To effectively evaluate the performance of the algorithm, the
training samples are contaminated by some noise. By giving
126 noisy training points and 252 test points without noise. The
Sinc function can be expressed as:10−4 · s

yi =
sinxi
xi

+ ξi, xi ∼ U [−5π, 5π] (39)

where ζi is noise, and ξi ∼ N(00.1).
Fig. 6 shows the one-time fitting results of SVM, LSSVR, and

EM-WLSSVR under different SDs. EM-WLSSVR is the closest
to the actual Sinc function compared to SVM and LSSVR. And
when SDs are changed, EM-WLSSVR still has good perfor-
mance. Table I records the average results of the three fitting
methods in 15 independent runs of data sets with different SDs.
The same result can be obtained from it.

To combine the torque model of EM-WLSSVR and SRM,
first, obtain the training set [i−θ−T] through FEA, and optimize
the hyperparameters with the help of improved COA. Then, the

Fig. 7. Schematic diagram of EM-WLSSVR model based on improved COA
for torque regression.

Fig. 8. Flux linkage and torque errors of EM-WLSSVR and FEA. (a) Flux
linkage. (b) Torque.

TABLE II
TIME COMPARISON(OVERALL)

TABLE III
TIME COMPARISON(SINGLE)

regression parameters αi and b of the EM-WLSSVR model.
After training, input any i and θ to get the corresponding torque
Te. The schematic diagram is shown in Fig. 7. The same is true
for the training process of the motor’s flux linkage Ψ.

In simulation or experiment, the proposed nonlinear modeling
method needs to select more robust parameters. In this respect,
through the optimization and debugging of the algorithm, the
parameters with good effect on nonlinear modeling are finally
determined.

According to the EM-WLSSVR model regression method, a
3-D map of the flux linkage/torque errors concerning the rotor
position θ and the phase current i is obtained, as shown in Fig. 8.

Table II shows the overall calculation time of SVM, LSSVR,
and EM-WLSSVR. The calculation time of flux linkage/torque
of EM-WLSSVR is 3.17 s/3.58 s, respectively. It is faster than
SVM and LSSVR. Among them, the sampling interval of po-
sition is 0.1°, so 200 data points are in total. And the sampling
interval of current is 0.2 A, so 200 data points in total. A total of
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Fig. 9. Devices and platforms for testing dynamic characteristics.

TABLE IV
SRM EXPERIMENT PARAMETER TABLE

30 000 data points are needed to be calculated. Table III shows
a comparison of sampling times for individual data points.

B Experimental Verification

The principle of the bench experiment is to insert the FEA data
and the complete EM-WLSSVR algorithm into the Simulink
model of the SRM to replace the original look-up table [i−θ−Ψ]
and [i−θ−T]. EM-WLSSVR adjusts the weight and kernel pa-
rameters of the algorithm according to the original discrete FEA
data and obtains the corresponding Ψ and T according to i and
θ at different times, which can achieve the function of real-time
torque and flux linkage estimation. The experiment adopts direct
torque control and torque sharing function control method as
the basic closed-loop control strategy to verify the effectiveness
of EM-WLSSVR in practical application. The original look-up
tables [i−θ−Ψ] and [i−θ−T] used in the experiment are shown
in Fig. 8.

Fig. 9 shows the experimental platform used for dynamic
characteristics testing, including a 3-phase 12/8 SRM, a JN338
torque sensor with a torque range of 20 Nm, an FZ25J elec-
tromagnetic brake with a torque range of 25 Nm, a signal
conditioning circuit, a power converter circuit, a dSPACE, IGBT,
a laptop, and an oscilloscope. The Hall position sensor installed
on the nonoutput shaft end of the motor inputs the detected
position signal to dSPACE after passing the signal conditioning
circuit, and so is the current signal. Table IV shows the specific
experimental parameters of the 3-phase 12/8 SRM.

Fig. 10. Control block diagram. (a) DTC. (b) TSF.

Fig. 11. Flux-linkage trajectories. (a) DTC. (b) TSF.

Fig. 10 shows the control block diagram of the most com-
monly used TSF and DTC in the SRM control method{

frise(θ) =
1
2 − 1

2 cos
π
θov

(θ − θon) , θon < θ < θon + θov

ffall(θ) =
1
2 + 1

2 cos
π
θov

(θ − θoff) , θoff < θ < θoff + θov.

(40)

Fig. 11 shows the flux linkage vector trajectory. The given
reference flux linkage is 0.5 Wb-turns. The trajectory of the
flux linkage of DTC is more circular, so the flux linkage is well
controlled within the hysteresis bandwidth. The flux trajectory
of TSF is symmetrical to the center, so it is more variable.

Figs. 12 and 13 show the current waveforms under the control
of DTC and TSF. The two experiments are carried out under the
working conditions of dc voltage 24 V, the reference current
22.5 A, and the speed setting of 1000 r/min. The results run
by the EM-WLSSVR model agree well with the results run by
measured data. It can be seen that no matter what kind of control
method, EM-WLSSVR is in good agreement with the measured
results and has high modeling precision.

Figs. 14 and 15 show the output waveform based on different
modeling methods and different control methods. The exper-
iments are all carried out under the conditions of reference
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Fig. 12. Current waveform diagrams of different modeling methods under
TSF. (a) EM-WLSSVR. (b) Look-up table.

Fig. 13. Current waveform diagrams of different modeling methods under
DTC. (a) EM-WLSSVR. (b) Look-up table.

Fig. 14. EM-WLSSVR and look-up table static speed waveforms under dif-
ferent control methods. (a) TSF. (b) DTC.

speed 2000 r/min, and load torque TL 0.4 Nm. And Δω =
ωEM-WLSSVR-ωtable, ΔT = TEM-WLSSVR-Ttable.

In Fig. 14, it can be seen when the speed is in the rising
range, EM-WLSSVR rises faster, which can prove that EM-
WLSSVR has the characteristics of fast startup performance in

Fig. 15. EM-WLSSVR and look-up table static torque waveforms under
different control methods. (a) TSF. (b) DTC.

Fig. 16. Speed waveform of different control methods under dynamic speed
conditions. (a) DTC. (b) TSF.

speed control. When the rotor speed is in steady state, the speed
of EM-WLSSVR can better fit the speed of the look-up table.

Speed fluctuation and torque ripple is an important evaluation
criterion for evaluating torque characteristics. It can be defined
as {

ωR =
ωm−ωref

ωavg
× 100%

TRM = Tmax−Tmin

Tavg
× 100%

. (41)

Fig. 15 shows the torque waveforms under different modeling
methods and different control methods. According to (41), it
can be calculated that the torque ripple TRM brought by EM-
WLSSVR and the look-up table.

Figs. 16 and 17 show the speed and torque waveforms of
different control methods under dynamic speed conditions. The
speed of EM-WLSSVR and look-up table are in good agreement.
It can be seen that EM-WLSSVR has high modeling stability.

In Figs. 18 and 19, the load torque TL increased from 0.4 Nm
to 0.7 Nm at 0.4 s, and other experimental conditions were
consistent with the steady-state experiment. Fig. 16 shows the
output speed waveform in the dynamic experiment. It can be seen
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Fig. 17. Torque waveform of different control methods under dynamic speed
conditions. (a) DTC. (b) TSF.

Fig. 18. EM-WLSSVR and look-up table dynamic speed waveforms under
different control methods. (a) TSF. (b) DTC.

Fig. 19. EM-WLSSVR and look-up table dynamic torque waveforms under
different control methods. (a) TSF. (b) DTC.

Fig. 20. Comparison of modeling times for different methods in experiments
in the full speed range.

that compared with the look-up table, EM-WLSSVR improves
the modeling speed on the premise of ensuring modeling accu-
racy. Fig. 17 shows the output speed waveform in the dynamic
experiment. According to (41), it can be calculated that the
torque ripple TRM brought by EM-WLSSVR and the look-up
table under TSF control are 48.46% and 49.69%, and 51.24%
and 59.17% are brought by DTC. The results obtained by both
TSF and DTC control methods are in good agreement with
those obtained by look-up table method. It is worth noting that
the reduction of torque ripple is independent of the proposed
EM-WLSSVR.

Fig. 20 shows a comparison of the experimental modeling
time for the look-up table and EM-WLSSVR in the full-speed
range. It can be seen that EM-WLSSVR is about 35 s faster
than the look-up table in the full speed range. This can prove
that EM-WLSSVR can greatly speed up the time required for
modeling under the premise of ensuring the modeling accuracy,
which can effectively increase the experimental efficiency.

VI. CONCLUSION

In this article, an improved COA-based EM-WLSSVR mod-
eling method is proposed for the modeling of SRM flux linkage
and torque. This modeling method can improve the modeling
speed on the premise of ensuring the modeling accuracy. The
specific conclusions obtained in this article are as follows.

1) The experiment concluded that EM-WLSSVR tends to
have higher data fitting accuracy and shorter modeling
time.

2) The experiment concludes that the flux linkage trajectory
of DTC is more circular, so the flux linkage is well con-
trolled within the hysteresis bandwidth. The flux trajectory
of the TSF is symmetric to the center and, therefore, varies
widely.

3) The experimental conclusion: When EM-WLSSVR is
used in static bench experiments, whether it is TSF control
or DTC, the current, rotational speed, and torque wave-
forms obtained by EM-WLSSVR have little difference
with the corresponding waveforms obtained by FEA.

4) The experimental conclusion: When EM-WLSSVR is
used in dynamic bench experiments, whether it is TSF
or DTC, EM-WLSSVR has high tracking and stability in
dynamic experiments.

The modeling method proposed in this study is mainly im-
plemented based on the machine learning method. When the
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system parameters are changed, the machine learning algorithm
needs to be retrained. Compared with the look-up table method,
the nonlinear model established by EM-WLSSVR also behaves
better. However, some regression parameters need to be adjusted,
which will increase the complexity of the model. In future re-
search, this study will consider the impact of system interference
on the training algorithm, the influence of control parameters on
the robustness of the system under multiple working conditions,
as well as the further combination of the training algorithm and
SRM, such as the combination with the power converter.
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