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Abstract—In this paper, a new hybrid method of obtaining the
degrees of freedom for redial airgap length in Switched Reluctance
Motor operation under normal and faulty conditions based on
magnetostatic analysis is presented. At the beginning, this method
goes through the magnetic design of the motor utilizing three
dimensional (3-D) Finite Element Method (FEM) in order to consider
the end effects as well as axial fringing field effects. The motor
parameters, such as torque, flux linkage, flux density versus rotor
position are precisely obtained. Then, a Multi Layered Perception
Neural Network is designed by considering the nonlinear behavior of
the motor parameters obtained under different modes of operation.
Using this network and the obtained parameters from FEM, an
Objective Function (OF) for torque ripple with the aim of having a
minimum mean square error is estimated. In addition, an improved
Genetic Algorithm (GA) for the minimization the OF is also presented
to determine the motor’s operational regions. Finally, the legal
intervals for different modes of motor operation are addressed.

1. INTRODUCTION

Switched Reluctance Motor (SRM) with its low-cost structure has only
steel material for the rotor and stator, with concentrated windings
on the stator, which makes an ideal choice for low-cost and high
performance applications [1–4].

Corresponding author: H. Torkaman (H Torkaman@sbu.ac.ir).



38 Torkaman and Afjei

Recently optimized design technology focuses more on numerical
methods, which has led to optimization of motor sizes as well as
minimization of torque ripple [5, 6]. Electromagnetic motor design and
optimization have been affected very much by utilizing computer-based
methods that use evolutionary computational techniques [7], such as
Genetic Algorithm (GA) [8–10], evolutionary programming and also
numerical methods like Boundary Element Method (BEM) and Finite
Element Method (FEM) implemented by authors in [11, 12].

GAs are stochastic search processes, based on fundamental
principles of natural selection and genetic evolution. A method
that GA uses for creating an individual vector, biologically called
chromosome, which makes it different from the deterministic search
processes [14–18].

The main performance of GA is based on composition, mutation,
crossover and selection procedures [19–23, 38–43]. The use of this
search algorithm was applied to optimizing torque ripple, which has
led to finding the interval of airgap in faulty and healthy conditions.
This algorithm is used in order to facilitate a parallel search in the
parameters space using the genetic operands to obtain a group of coded
chromosomes, which shows the system parameters in an optimized
manner.

In the proposed hybrid method, for fitting the parameters
by a non-linear function with suitable coefficients the Artificial
Neural Network (ANN) is employed. ANN is one of the most
popular and widely applied methods due to its superior ability of
approximating unknown nonlinear function to any degree of desired
accuracy. This method has been widely applied to many fields, such as
image processing, pattern recognition, signal processing, and weather
prediction, particularly in the area of the electromagnetics [24–26, 44–
46].

Behavior analysis of any electrical system requires an accurate
modeling of that system [27–31, 47–52]. In order to consider the
real model of the motor and its operation in nonlinear states the
exact parameters are required. Therefore, in this research, the three
dimensional (3D) FEM is used to obtain the precise model of the SR
motor.

The authors in the previous works modeled SRG [1, 11] and
SRM [12, 13] in healthy and faulty [2, 3] modes utilizing three
dimensional FEM. In this paper, the intervals for different modes of
motor operation are calculated and presented by a different technique
known as hybrid method.
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2. PROBLEM STATEMENT

In high-power density motors the need for smaller air gap is one of
the important requirements. Smaller airgap length will also force the
motor into a highly saturated operation, accompanied by high radial
forces causing mechanical vibration of stator core and housing in radial
direction [32, 33]. Therefore, obtaining the optimum airgap length is
essential for achievement of high performance motor.

One of the most common types of fault in electrical machine is
the eccentricity fault. This type of fault is considered as abnormal
condition and will be modeled in this paper. Occurrence of eccentricity
fault leads to decreasing or increasing of the airgap length in different
directions. These variations will change the motor parameters.
Consequently, the boundary of radial airgap length variation must
be calculated to attain smooth control on motor to achieve high
performance expected from machine.

On the other side, the maximum and minimum variations of airgap
must be obtained to determine the different modes of motor operation.
Based on this matter the paper will introduce a new hybrid method in
the next section. This method benefits from the advantages obtained
by FEM, NN and GA techniques to develop the degrees of freedom for
airgap length in SRM under normal and faulty conditions.

3. NEW METHOD OF IMPLEMENTATION AND
RESULTS

At the beginning of this method, a three dimensional finite element
analysis is being used to determine the magnetic field distribution in
and around the motor. The MagNet package [34] has been used to
analyze the magnetic field in order to determine the static torque at
different rotor positions. This method considers the geometry of the
motor to solve the magnetic field distribution in and around the motor.
Other parameters of the motor such as flux density, flux linkage, coil
inductance and static torque can be derived from resulted magnetic
fields. The advantages of the 3-D FE method used in this algorithm
over the 2-D FE method is the consideration of end effects and also
axial fringing fields that lead to more accurate and real modeling of the
motor. This has been explained comprehensively in the earlier study
in [12].

There are two common methods for solving magnetic field
problems. One utilizes magnetic vector potential A, and the other
employs electric vector potential T . The partial differential equation
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for the magnetic vector potential is given by;
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where, A is the magnetic vector potential.
In the variational method (Ritz) the solution to (1) obtained by
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where α is the problem region of integration. The field analysis
has been performed using a MagNet package which is based on the
variational energy minimization technique to solve for the electric
vector potential. In this method, electric vector potential known as
T − Ω formulation in which T is defined by;

J = ∇× T (3)

From Maxwell’s equation we have

∇×H = J = ∇× T (4)

Then
∇× (H − T ) = 0 (5)

Since the vector (H − T ) can be expressed as the gradient of a scalar,
i.e.,

H = T −∇Ω (6)

where Ω is a magnetic scalar potential.
And, since
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which finally reduces to the following two scalar equations
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And
∇2Ω = 0 (10)
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When a three dimensional magnetic field problem is solved by A
and V , the need to solve for all the three components of A arises,
whereas using the T − Ω method, T can be simplified to produce a
solution with only two components of T .

For the present study, it has been assumed that each stator phase
is excited with four-node tetrahedral blocks of current. Also, in this
analysis, the usual assumptions such as the magnetic field outside an
air box in which the motor is placed are considered to be zero.

The unaligned position is defined when the rotor pole is located
across from the stator slot in such a way that the reluctance of
the motor magnetic structure is at its maximum. This position is
considered to be at zero degree in the motor performance plot. The
aligned position is defined when the rotor pole is fully opposite to the
stator pole, in which the reluctance of the motor magnetic structure
is at its minimum supposed to happen at 44 degree. A 6/4 switched
reluctance motor is depicted in Fig. 1 and will be analyzed using three
dimensional finite element (Fig. 2).

Figure 1. The front view of a three phase 6/4 SRM.

The SR motor dimensions used in this paper are: Stator core outer
diameter: 72 mm, Rotor core outer diameter: 40.5mm, Length of air
gap: 0.25 mm, Shaft diameter: 10 mm, Number of turns: 120, Rotor
pole arc: 32◦ and Stator pole arc: 28◦. The motor model (stator and
rotor cores) is made of M-27 non-oriented silicon steel laminations with
static B-H curve as depicted in Fig. 3.

The rated motor phase current is at 2.5 Ampere and is used for
simulation for the initial design parameters. This motor is considered
running in counterclockwise direction. The 3D FE method results
in magnetic flux density, torque and flux linkage for different rotor
positions from unaligned to aligned positions. The next step considers
a new condition which has been placed on the length of the airgap
according to different rotor eccentricity levels shown in Fig. 4. Now
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(a) (b)

Figure 2. (a) Finite element mesh for the 6/4 SRM. (b) Zoomed mesh
for one coil.
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Figure 3. Magnetization curve for M-
27 non-oriented silicon steel sheet.

Figure 4. Schematic of
motor with changes in air-
gap length (Dynamic Ec-
centricity).

again, the different motor parameters for the new condition are
obtained. Using these values, the OF will be developed. Using this OF,
the region of the motor’s operation in the healthy as well as eccentric
modes (faulty mode) will be determined.

Dynamic eccentricity is a type of airgap non-uniformity in which
airgap is time variant when dynamic eccentricity occurs. Therefore,
the distribution of airgap changes when the rotor rotates. The degree
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of dynamic eccentricity fault is defined as follow:

εD =
(

Oω ×Or

g

)
× 100 (%) (11)

where εD is the percentage of dynamic eccentricity between the stator
and rotor axes; g is the radial airgap length in the case of uniform
airgap in healthy motor or with no eccentricity. Oω, Or and Os are
the rotor rotation center, rotor symmetry center and stator symmetry
center, respectively. Also, (Oω ×Or) is called the dynamic transfer
vector.

The static torque developed by the motor is calculated from the
ratio of change in the co-energy with respect to the rotor position.
Regarding Eq. (5), the static torque versus rotor position for both
healthy motor and the motor with various eccentricities utilizing 3-D
FEM is obtained and shown in Fig. 5. This will be the first step of
implementation of the hybrid method.

Due to higher flux linkages in a faulty motor, the static torque
obtained is also higher than healthy motor. In addition, during the
motoring operation the unbalanced magnetic pull tends to increase
the dynamic eccentricity as well.

The percentage of variation of torque with occurrence of
eccentricity is shown in Table 1. It can be observed that reducing
the airgap length will increase the variations in torque profile in such
way that when 10% eccentricity exists, the magnitude of the motor
torque increases up to 4.3%.
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Figure 5. Static torque of the motor vs. rotor position for 3-D FEM:
healthy motor and motor with various dynamic eccentricities.
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Table 1. Percentage of variation of torque for healthy motor vs. motor
with various eccentricities.

Degree
10%

Eccentricity
20%

Eccentricity
30%

Eccentricity
40%

Eccentricity
0 −0.64608 −1.04665 −0.60742 −0.65109
4 −0.13025 −0.18173 −1.34245 −0.56049
8 1.30615 1.40194 0.180424 0.032708
12 4.35884 7.0072 6.557116 6.978498
16 0.75793 1.93555 4.854805 8.779511
20 0.51967 1.35769 5.386814 13.28741
24 −0.51106 0.76182 5.820789 9.454833
28 0.71208 3.33119 7.427393 6.742136
32 −2.59001 −1.82419 −0.87997 0.419986
36 0.3212 −1.24276 0.870109 −0.48171
40 −1.43321 −2.87013 −8.18836 −5.0447
44 −1.82347 −2.41758 −3.96404 −3.42164

Table 2. Flux linkage in coil
No. 1 in the first phase in
motor and in healthy mode from
unaligned to aligned positions.

Degree
Flux Linkage Coil1

(mWb)
0 7.37073472
4 7.613212179
8 8.271031639
12 10.12098261
16 16.07182076
20 23.30779437
24 30.50245643
28 37.56267675
32 44.30275992
36 50.19602623
40 54.24661799
44 55.45333403

Table 3. Flux linkage in coil
No. 1 in the first phase in motor
and in healthy mode from aligned
to unaligned positions.

Degree
Flux Linkage Coil1

(mWb)
44 55.45333403
48 54.25251449
52 50.16700549
56 44.25771256
60 37.53474268
64 30.53563612
68 23.30838645
72 16.04502741
76 10.10249904
80 8.288291556
84 7.602377878
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Also, in eccentric motor with 20%, 30% and 40% dynamic
eccentricities, the torque profile produced 7%, 8.1% and 13.2% higher
values, respectively.

Moreover, the uniformity of flux density distribution of the motor
in healthy condition from front and lateral views is shown in Figs. 5(a)
and (b), respectively. The values of flux linkage in coil No. 1 of the
first phase are shown in Table 2 and Table 3 in healthy motor from
unaligned position to aligned positions.

The next step in the hybrid method, obtained parameters from
Finite Element Method, are imported to a MLP (Multi Layered
Perceptron) Neural Network with one hidden layer of perceptron to
compute a non-linear function (Eq. (6)) with suitable coefficients. This
network consists of two layers as depicted in Fig. 7.

In this level of algorithm, the static torque is defined as a nonlinear
function of rotor position, flux linkage and percentage of eccentricity
(or the variations of airgap).

T = F (θ, ϕ, εD) (12)

Table 4. Values set and the mean square error average.

Result Samples MSE
Training 60% 2.6589e-4

Validating 20% 9.3837e-2
Testing 20% 5.5298e-2

(a) (b)

Figure 6. Flux density distribution in SR motor in healthy condition.
(a) Front view. (b) Lateral view.
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Figure 7. Network schematic to estimate the objective function.

where T is the static torque; θ is the rotor position; ϕ is the flux
linkage; εD is the percentage of dynamic eccentricity.

The network is constructed according to some initial parameters
as training pattern, with the weights assigned to each of them. The
network is trained until a desirable mean square error (MSE) is
obtained. For this network, 60% of the samples are employed for
training; 20% are used for validation; 20% of the samples are spent
for the test of the network. The number of neurons in the hidden layer
is set to 20 using 4 input neurons for this network. The results are
shown in Table 4.

In the next level of the new method, the neural network sends
its function coefficients to Genetic Algorithm in which the objective
function (OF) is defined as below:

OF = Min (Torque Ripple %) (13)

Above equation represents the objective function by minimizing
the amount of torque ripple based on the developed function from
neural network. Also the torque ripple is defined as follow:

Torque Ripple % =
Tmax − Tmin

Tmax
× 100% (14)

where Tmax and Tmin are the maximum and minimum static torque
values, respectively. At the beginning of this step, the primary
population consists of 100 chromosomes and is imported to objective
function. Based on the torque ripple results as an optimized value, the
superior points with more fitness are selected to continue the procedure
of the algorithm. In the next step, mutation by Gaussian method
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is used to avoid trapping in a local minimum. In this method, a
chromosome consists of two elements (x, σ), in which the x vector is
defined as a point in search space, and the σ vector is the standard
deviation. A new chromosome (x′, σ′) is produced as below:

{
σ′ = σ eN(0, ∆σ)

x′ = x + N (0 , ∆σ′) (15)

where, N(0, ∆σ′) is a vector for random Gaussian numbers with Mean
value equals zero. The mutation operand changes the one gene from
chromosome with 10% mutation rate.

Some chromosomes are selected for scattered type crossover to
produce new generation of the chromosomes with new desirable
features. The crossover rate is set to 60%. The new produced
generation, which consists of flux linkage and airgap, will be sent to
the beginning of the algorithm for the next level of the optimization.

Table 5. Range of torque values in different regions of motor
operation.

Rotor
Position

Healthy
Operation

(0–9%
eccentricity)

Faulty
Operation
(9–65%

eccentricity)

Destructive
Operation
(ε > 65%

eccentricity)
(Degree) Min Max Min Max Min Max

0 0.0026 0.0028 0.0028 0.0032 0.0032 > 0.0032
4 0.0151 0.0153 0.0153 0.0164 0.0164 > 0.0164
8 0.0372 0.0378 0.0378 0.0395 0.0395 > 0.0395
12 0.1228 0.1284 0.1284 0.1414 0.1414 > 0.1414
16 0.2648 0.2668 0.2668 0.2982 0.2982 > 0.2982
20 0.2646 0.2660 0.2660 0.3098 0.3098 > 0.3098
24 0.2650 0.2663 0.2663 0.3115 0.3115 > 0.3115
28 0.2641 0.2660 0.2660 0.2999 0.2999 > 0.2999
32 0.2557 0.2492 0.2492 0.2898 0.2898 > 0.2898
36 0.2303 0.2322 0.2322 0.2335 0.2335 > 0.2335
40 0.1688 0.1753 0.1753 0.1888 0.1888 > 0.1888
44 0.0000 0.0003 0.0003 0.0004 0.0004 > 0.0004
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This procedure will continue until it reaches the maximum number of
the produced generation, which is 2000 in this case.

The results concluded from the algorithm show the minimum and
maximum airgap lengths for the motor operation. In other words, the
legal intervals of motor operation in the occurrence of eccentricity fault

Figure 8. Hybrid method flowchart.
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are calculated. In order to obtain the maximum legal intervals from
eccentricity fault, the maximum value of objective function is used.
The flowchart of this hybrid method is shown in Fig. 8.

According to the results obtained from the new method, it can be
observed that the motor under 0% eccentricity to 9% eccentricity can
be named as healthy motor, or [0%–9%] eccentricity interval is defined
for healthy operation. The interval between 9% to 65% can be named
as the interval of motor’s operation in faulty condition. It is necessary
to correct the motor’s operation using electrical or mechanical controls
under faulty condition. The interval higher than 65% can be named
as motor’s destructive interval in which the motor has no ability to
continue to rotate under load and the crash of the rotor, and the stator
is very probable. The motor should be repaired or serviced in this
condition. The three intervals for motor operation under eccentricity
fault from manufacturing companies indicate 0–10% for healthy motor,
10–50% for faulty motor, and more than 50% is considered as the
destructive interval of motor operation [35–37].

Table 5 shows the range of operation obtained for healthy, faulty,
and destructive intervals and their corresponding torque values for
these three regions from unaligned to aligned positions.

4. CONCLUSION

A new procedure named hybrid method for computing the degrees
of freedom of airgap in SRM under faulty and healthy conditions
based on magnetostatic analysis has been proposed and analyzed. It
computes the legal intervals for the radial airgap length as well as the
regions of the motor’s operation under different conditions. In the
hybrid algorithm a 6/4 switched reluctance motor utilizing 3-D FEM
has been designed and analyzed, then motor’s parameters including
torque with maximum of 0.28 N.m are achieved. The SR motor is
then faced with eccentricity fault ranging from 0% to 70% in 5% steps.
The resulted parameters are imported to a MLP neural network to
produce the characteristic function as well as an objective function for
torque ripple. In this study, 60% of the samples are used for training
purposes, 20% for validating and the remaining 20% for testing the
estimated function. The parameters of the non-linear equation for
torque ripples are given to GA as an objective function, and then the
algorithm computes the optimized parameters and also the optimized
intervals based on minimization of torque ripple. Reducing the airgap
length will result in an increase in torque variations in a way such that
it will have an increase of 13.28% in maximum and 4.3% in minimum
levels. 0% up to 9% eccentricity is named as the legal interval of the
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healthy motor operating condition. In other words, the variations of
airgap length are acceptable in this range for normal operation of the
motor. The region of the faulty motor is defined while motor operates
with 9% up to 65% eccentricity. More than 65% eccentricity fault leads
to motor entrance into the destructive operation interval in which the
motor is not suitable for the operation anymore.
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