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Abstract — While Switched Reluctance Motors have good performances, such as high torque/volume ratio, high
speed, and high reliability, the motor has serious disadvantage on large torque ripple. In this paper, therefore,
the Switched Reluctande Motor having barriers in the rotor is proposed to improve the torque performance of the
motor. In order to reduce the torque ripple, the shape optimization of the barrier is accomplished by a
combination technigue employing Response Surface Methodology, Moving Least Square Method, and Genetic
Algorithm.

Introduction

The applications of switched reluctance motors are recently received much attention in various industrial
fields due to its superior advantages, such as high speed, efficient variable speed, and high reliability [1-2].
However, the SRM has severe nonlinear characteristics and suffers from high torque ripple and the
torque/volume ratio dependents on the designed shape of salient poles, which lead to limit their applications in
industrial fields. Therefore, in order to improve the torque performance, this paper introduces a SRM having
barriers [3] in the rotor and describes the optimum design of the barrier shape.

A computational optimization can be complicated and time-consuming because the numerous design variables
are used and have usually a lot of interactions each other. Therefore, in order to introduce an effective
computational approach, the Response Surface Methodology (RSM) is employed [4-6]. The RSM is used to
build an analytical expression, which is utilized as an objective function or constraint in the optimization process.
Moreover, to enhance the accuracy of the analytical model, the regression coefficients in the RSM are estimated
by using the Moving Least Square (MLS) method [7]. The RSM combined with the MLS method is able to
display an overall perspective of the torque performance according to the behavior of design variables, which are
the components of the barrier shape. Although, several different search methods can be available for the
optimization problem, Genetic Algorithms [8] have been selected 1o use as the search method because the
genetic algorithms are able to find the global optimum. And the electromagnet field within the motor is
computed by using the time-stepping procedure, which is coupled with 2D-FEM and the voltage equation
together.

Concept of the Statistical Fitting Method

Response Surface Methodology

The RSM is very powerful method, which seeks the relationship between input variable and output variable
through statistical fitting method, to make simple model for a complex problem. A polynomial approximation
model is commonly used for a second-order response and can be written as following [4-6].
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where # is regression coefficients and £ denotes the random error. The least squares method is used to estimate
unknown coefficients. The least squares method, which is to minimize the sum of the squares of the random
errors, is used to estimate unknown vector B. The least squares function can be expressed as follows:

L=ief ~ce=(U-XB) (U-XB) @

i=1

The estimated vector ﬁ’of the unknown vector § must satisfy as (3).

oL

5 =2X'U+2X'Xp=0 3)
Bl
Therefore, the estimated vector 4 can be written as (4) and the fitted response vector U is given by (5). Matrix
notations of the fitted coefficients and the fitted response model should be

A=Xx)"X'U ()
U=xp )

Moving 1 east Square Method

In the traditional regression, coefficients of the functional approximation are estimated by the Least Square
(LS) method. The LS method has a weak point increasing approximation errors in some cases because of
minimizing the sum of the squares of the errors through whole sample points. To overcome its disadvantage, the
MLS methed is proposed to fit relationship between inputs and outputs. Unknown coefficients of the functional
response modeling are estimated by the MLS method. The main idea of the MLS method is that a whole
approximation U*(x) of a sampling space can be accomplished by going through a moving process.

In domain W, an unknown relationship between inputs and outputs can be expressed as follows:

U =U"(x)+e (6

where £ denotes the random error mean zero and variance o, U"(x)is an approximation function in the
unknown relationship, and x is an design variable.

U*(x)= il’,(x) a,(x) =P(x)" a(x) (@)

where m is the number of the polynomial basis, P,(x) is a complete polynomial basis, and a,(x) is unknown

coefficients.
The coefficients can be estimated by minimizing a weighted least square function, which is shown as follows:

N N
J =Y W (@ & =Y W) (U0x) -V x))f @

where W, (d) is a weight function depend on the distance (d) between approximation point and point I in a

influence domain and N is the number of points in that.
In this work, the quartic spline function is used as the weight function [7].
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where r = ¢t d| is the radius of influence domain and a is the scaling factor.
Substituting (7) and (9) into (8), the matrix notation of the unknown coefficients can be rewritten as follows:

a(x)= A"'BU (10)
A=P"WP,B=P™W (11)

where P and U are composed with a set of sample points regarding design variables and outputs, respectively.
Application to the Optimization Design in Barrier Type SRM

Barrier Type SRM and Field computation Method

The proposed barrier type 8/6 SRM is shown in Fig. 1 and the barrier is employed to improve the torque
characteristic. The voltage equation of the motor is written as follows:

Gepr Lol (12)
dt

where E, denotes the motor back emf, R_is the resistance of windings, and [, is inductance of that, per a phase.

The govemning equation of the electromagnetic filed in the motor can be described by magnetic vector potential
A.

VXV xA)] =] (13)

where n is the magnetic reluctivity and Jisthe z-component of the density of the current.

To consider the nonlinear nature of inductance as a function of exciting current and rotor angular displacement,
it is necessary to solve the differential circuit equations for the appropriate switched conditions and transient
performance. Therefore, system matrix is composed of coupling the voltage equation (1) with the governing
equation (2), and solved by the time-stepping procedure. The reluctance torque is calculated by using the
Maxwell stress tensor.

X : bridge-depth  Ax_ x, : tooth-width

(a) Analysis m;«;le]. (b) Design variables.
Fig. 1. Analysis model and design variables.
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(a) Torque profile of one stroke.

When an input vollage is 150 V and a speed is 1800 rpm, Fig. 2 shows the comparison of analysis results of the
prototype SRM and the barrier type SRM. The analysis results are computed by time-stepping procedure, and as

(b) Current profile of one stroke.

Fig. 2. Analysis results of the barrier type SRM.

will be seen, the reduction of the torque ripple is achieved in the barrier type SRM.

Objective function and Procedure of Optimization

While several different optimization methods can be applied at the motor design, the optimization technique
based on the genetic algorithms has been used in this paper. The genetic algorithms research in the design space
of the motor by means of a process of reproduction, crossover and mutation [8], which is able to avoid the local

minimum as contrasted with gradient based method.

The schematized procedure of the optimization is shown in Fig. 3. In order to apply the shape optimization of
the barrier, an objective function is defined as the torque ripple of the barrier type SRM and the constraint

condition is defined to satisfy the running torque of the prototype SRM as follows:

<lLSM>

| Setting the ranges of each design variable |

| Sampling point by using 3° Factorial Design l

v

| Creating mitial population |

Calcu late objective function obtained from
Second-order regression analysis
and assign fitness value.

lobal Optimal pomt 7>
o

’ Reproduction, Crossover, Mutation |

New Generation

Fig. 3. Description of Optimization Based on RSM associated with Genetic Algorithms.
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Design space:
0.6<x<22,03<x,<1.1,18<x,520,1.2<x,5 2.4 (16)

In this paper, the functional expressions of the objective function and constraint are obtained by the sampling
point based RSM combined with MLS and the full factorial design is used for building the second-order fitted
model. This design of experiments involving four factors is required to conduct 81 experiments. And then the
time-stepping procedure, which is coupled with 2D-FEM and the voltage equaticn together, is used for acquiring
the samples.

Results of Numerical Optimizaton and Discussion

Fig. 4(a) shows the overall experimental test-bed, built at Changwon University in Korea and it was tested
under the conditions for experiment with 80V input voltage and 800 rpm speed. As shown in Fig. 4(b), it is noted
that the simulation results has a good agreement with the experimental results.

Figs. 5 and 6 show the perspective response surface of the torque characteristics that have been fitted with 81
samples where solid black dots represent the simulation results of 2D-FEM. From these results, it can be
confirmed that the MLSM gives a response surface, which is much closer to the results of 2D-FEM.

In this paper, The RSM combined with the genctic algorithms is applicd to the optimum design of the barrier
shape in the proposed barrier type 8/6 SRM. The design parameters of the proposed motor and torque
performances are shown in Table 1. The torque ripple of the proposed motor is less than that of the prototype
SRM and its running torque becomes greater than that of the prototype SRM.

T
0 10

0 3 4
Displacement (deg.)

(a) Experimental set. (b) Comparison of phase current.

Fig. 4. Experimental set and comparision of phase eurrent ahant nentntyne SRM

Bridgs-depth (5)=0.4
Middk Locth-widh (g)=1 3

Torque (N-m)
Torque (N-m)

'&m‘"‘”‘dﬂr&,) Y mm"""“’lh(x,,] 1 A
(a) Moving Least Square method. (b) Conventional Least Square method.

Fig. 5. Response surface of torque with both fixed x; and x,.
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Fig. 6. Response surface of torque ripple with both fixed x; and x,.

Table 1. Analysis model and design variables.

Item Prototype SRM Barrier type SRM
Torque 1.37 (N-m) 1.4 (N-m)
Torque ripple 1.65 (N-m) 1.27 (N-m)

Optimized shape of barrier in the proposed motor

Barrier-width ( x;) Bridge-depth ( x;) Tooth-width (x;) Middle tooth-width (x,)

1.0 (mm) 0.44 (mm) 20 (deg.) 1.3 (mm)

Conclusion

In this paper, the Barrier Type SRM is proposed in order to improve the torque performances. Also, taking
advantages of barrier shape, the optimization technique based on the statistical ffiting method has been
developed. Moreover, Moving Least Square method is introduced to enhance the accuracy of the predictive
performance according to varieties of design parameters. The comparison with the prototype SRM has been
performed and the result of the comparison indicates that the torque performance of the Barrier type SRM is
superior to that of the prototype SRM.
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