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Multi-Object Optimization of the Switched Reluctance Motor

Jae-Hak Choi*, Sol Kim*, Yong-Su Kim*, Sang-Don Lee** and Ju Lee'

Abstract - In this paper, multi-object optimization based on a progressive quadratic response surface
method (PQRSM) and a time stepping finite element method (FEM) is proposed. The new PQRSM
and FEM are able to decide optimal geometric and electric variables of the switched reluctance motor
(SRM) with two objective functions: torque ripple mintmization and average torque maximization. The
result of the optimum design for SRM demonstrates improved performance of the motor and enhanced
relationship between torque ripple and average torque.
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1. Introduction

The switched reluctance motor (SRM) has numerous
advantages such as simple and rugged motor construction,
high reliability, and low cost. Due to these advantages, use
of the SRM in many industrial fields has been rapidly
increasing over the last ten years [1]. However, the SRM
also has some problems that limit its applications because
of its inherent structure, one of which is the torque ripple
that causes undesirable acoustic noise and high vibration.
The torque ripple fundamentally depends upon geometric
variables that are relative to a stator pole arc (3s) and a
rotor pole arc (B-). The design schemes that determine
optimal geometric variables ( 8sand B ) to reduce the
torque ripple of the SRM have been reported in various
papers [2-5]. However, the proposals did not take into
account an influence of electric variables, that is, a turn-on
angle (60x) and a turn-off angle (605 ), when achieving the
geometric design optimization on a single objective
function such as simply minimizing the torque ripple.

As the application field of the SRM is quite diversified,
the torque performance and the acceptable range of torque
ripple demanded in its practical use grow to be different. It
is actually known that there exists a trade-off relationship
between the torque ripple and the average torque. For that
reason, it is necessary to study an approach that determines
optimal geometric and electric variables ( Bs, Br, Oon,
and B0 ) for minimizing the torque ripple on the average

torque specified according to the SRM applications.
In this paper, the multi-object optimization that is able to
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decide optimal design variables ( s, 8-, 0on, and G )
being satisfied by both a torque ripple minimization and an
average torque maximization is presented. The optimal
design has been obtained based on the time stepping finite
element method (FEM) [6] and progressive quadratic
response surface method (PQRSM) [7-9]. As all design
variables have a mutually subordinate relationship, the
conventional gradient-based nonlinear optimizing method
(CGM) that considers the variables as discrete variables is
unable to be used. In this work, we utilize the PQRSM as
the optimization algorithm for coping with this difficulty.
This method approximates objective and constraint
functions to quadratic functions within a reasonable design
space and sequentially optimizes approximate optimization
problems in the context of the trust region model
management strategy. In order to perform the feasibility
study of this optimization, optimal design variables and
performance of the SRM on multi-object function are
investigated.

2. Switched Reluctance Motor
2.1 Research Model

Fig. 1 depicts a cross section of the 6/4 SRM and drive
circuit, which is designed for automotive accessories. Js
and Br represent stator pole arc and rotor pole arc,
respectively. The motor drive consists of an asymmetric
bridge converter. For the driving of the SRM, each phase is
sequentially operated. Table 1 presents the basic
specifications of the research model.
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Fig. 1 Cross section of switched reluctance motor and
drive circuit

Table 1 Basic Specifications of the Research Model

stator/rotor poles 6/4 stack length 40 (mm)
number of phases 3 air-gap 0.3 (mm)
stator outer diameter 100 (mm) irated speed 500 (rpm)
stator inner diameter 40.6 (mm) irated current 4 (A)
rotor outer diameter 40 (mm) DC-link voltage 12 (V)
rotor inner diameter 8 (mm) number of turns 79

2.2 Design Variables

The instant motor torque (7) is calculated by derivative
of the inductance (L), which is a function of rotor position
(0), as shown in (1)

T(0,i)=1/2-i*-dL(0)/d6 . (1)

Although the derivative of inductance is constant,
constant torque cannot be obtained because of the electrical
time constant. Therefore, the turn-on and turn-off
according to variation of inductance should be considered
to improve the torque ripple and the average torque.

When the rotor tecth are unaligned with the stator teeth,
the angle is set to 0° (mechanical degree). When the rotor

teeth are aligned with the stator teeth, the angle is set to 45°.

Inductance profile varies with the combination of stator

and rotor pole arcs, and influences the torque performances.

For minimum torque ripple and maximum average torque,
the pole arcs of the stator and rotor have to be more than
30°. If the pole arcs of the stator and rotor are smaller than
30°, a large torque ripple will be periodically generated. It
is also impossible to reduce torque ripple although the
phase current flows ideally.

Fig. 2 indicates inductance profile, switching current and
torque characteristic when Bs=30° and B > 30° To

widen the pole arc of the rotor is better than to widen the
pole arc of the stator with respect to space factor, magneto
motive force and average torque. As shown in Fig. 2,
torque ripple is ideally able to be zero while increasing
average torque. Consequently, the pole arcs of the rotor and
stator, turn-on angle and turn-off angle among electric and
geometric variables are selected as design variables for
optimization.
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Fig. 2 Illustration of torque generation principles with pole
arc combination when fs=30°and Br =30°
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3. Progressive Quadratic Response Surface
Method

Fig. 3 illustrates the optimal design process used in this
paper. As shown in Fig. 3, Bs, - ,60, and 8o are adopted
as design variables to obtain optimal results. To calculate
the object functions, two-dimensional time stepping FEM
considering the driving circuit is used. The multi-object
function, constraints and design variables are represented
by (2).

Multi-object Function: Maximize average torque and
minimize torque ripple,

Tminimize =-0q (Ta /Tay )+ a, (Tr /Tr, )’
Constraints on: One maximum phase current,
Lpax < 6(A),

Design variables:

159K 0,, <15°,30°< B, <45,
B,=30°30°< B, <60° )

where @ and «, are weight, (Ta/T(;) is the normalized
average torque, and (Tr/Tr') is the normalized torque ripple

In this study, conventional gradient-based nonlinear
optimization algorithms like the Conjugate Gradient
Method (CGM) cannot be used because all design
variables are considered as discrete variables. To overcome
this difficulty, we used PQRSM for the optimization
algorithm. This method approximates objective and
constraint functions to quadratic functions within the
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reasonable design space and sequentially optimizes the
approximate optimization problems in the context of the
trust region model management strategy. The trust region
model management strategy adaptively restricts design
moves within trust regions, where the approximate
function produces information that agrees with the actual
function within an acceptable tolerance to error. Because
PQRSM only utilizes objective and constraint functions to
build approximate functions and does not use gradient
information like other conventional response surface
methods, it is a very useful system when employed for
problems where gradient information cannot be obtained.
PQRSM has the following two merits compared with
conventional response surface methods. First, PQRSM is a
very efficient function based on an approximate method. It
requires only 2n+1 (r is the number of design variables)
sampling points for constructing a quadratic approximate
function. Conversely, the conventional response surface
methods need at least (n+1)(n+2)/2 sampling points to
construct a quadratic response surface function. Second,
PQRSM uniquely determines the regression coefficients
despite the fact that conventional response surface methods
use least square methods to determine the regression
coefficients. Thus, PQRSM does not require the additional
CPU time to construct an approximate function explicitly.
Fig. 4 describes the algorithm flowchart of the PQRSM.
The computational procedure of the PQRSM is as follows:
Step 0; Set the initial design and the design space. The
initial design space is assumed to be 50% ~ 100% of the
entire design space, including the initial design. Step 1;
Select 2n+1 sampling points within the design space. The
sampling points set consists of the initial design point and
newly selected 2n design points along the design variable
axes. Step 2; Approximate the objective and constraints
functions to quadratic polynomial functions. Step 3; Find
an approximate optimum using the approximate objective

lGiven: an initial design and design space I

v

Sample one center point and 2n axial points
within the design space

1 Construct approximate functions
v

[Solve an approximate optimization problem
¥

Evaluate the actual function value at the

approximate optimum
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Yes
within a new design space]
No
l Adjust the design space J——l

Fig. 4 Progressive quadratic response surface method
algorithm

and constraint functions. Step 4; Evaluate actual objective
and constraints at the approximate optimum by real
analysis. Step 5; Check convergence at the approximate
optimum using actual objective and constraints function
values. If the approximate optimization problem is
converged, then terminate the optimization. Otherwise
adjust the design space by a trust region concept [10]. Step
6; Select 2n+1 design points within the new design space.
The sampling points set consists of one previously
calculated points set and newly selected 2n design points.
Go to Step 2.

4. Finite Element Method

If the magnetic vector potential and current density have
only a z-axis component, the governing equation for SRM
can be expressed in a magnetic vector potential A as
follows:

V— H—|v— HJ. =0, 3)
ax o

0 [ aA] d( 0A

dr ) dy{ Oy
where v is the inverse of permeability, A is the magnetic
vector potential, and J, is the input current density. The
electrical input equation of the voltage source is expressed as

V=R +E,, @)

where V is the voltage source, R, is the phase resistance,
I, is the phase current, and E,, is the electromotive force
induced in the coil. After applying the Galerkin method in
(3) and coupling the voltage equation (4), the system
matrix equation is obtained by using the time difference
scheme as follows.

i) o Lty )| olimer] @

5. Optimal Design Results

Table 2 indicates that a high torque ripple and a low
average torque are generated in the initial model. However,
Table 3 shows the improved torque characteristics of the
optimal model in both object functions according to the
variation of weight (o and ¢, ). As presented in Table 3,

when weight ¢ is 1.0 and ¢« is 0.0, the average torque

of the optimal model is increased 2-fold with respect to the
initial model. The torque ripple is also decreased by 15
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times with respect to the initial model, when weight ¢ is
0.0and «,is 1.0.

Table 2 Initial design variables and objective functions
2.9kg.cm forque ripple (T,)  88.4%
stator pole arc ( 3, ) 30° turn-on (Gon) 8.0°
turn-off (67)  32.9°

One maximum phase current (I,,,;) 4.4(A)

average torque (T, )]

rotor pole arc { ffr ) 30°

Table 3 Optimal design results and objective functions

Im Ta Tr

o ooy B, Br Qon Ooff ( Aa)x ke.em | (%)
1.0 0.0 | 30° 488° -49° 356°:599: 394 516
0901 { 30°  50.3°; -0.5° : 36.3° 1 460 | 2.84 1693
0703 30° 506°; -0.7° : 36.4°: 460 : 2.82 631
05: 05| 30°  506°; -0.5°  36.4° 461 281  6.24
03: 07| 30°  507°:-07° 36.1° 461 280 !|6.29
011 09| 30°  50.6°: -0.5° 1 35.8°14.50 280 625
0.0 1.0 | 30° :50.6° -0.5° 1364 461 279 :6.19

Fig. 5 illustrates the inductance and current
characteristics of the initial model. In the initial model,
negative phase torque is not produced because the phase
current becomes zero before the falling-inductance period.

Fig. 6 also shows the inductance and current
characteristics of the optimal model. In the optimal model,
negative phase torque is not produced because the phase
current becomes zero prior to the inductance decrease.

Fig. 7 indicates the energy conversion loop of the initial
model and the optimal model. Estimation for the average
torque could be illuminated with areas on the energy
conversion loop. It can be known that the average torque of
the optimal model is much higher than that of initial the
model.

Fig. 8 and Fig. 9 depict the total torque characteristics
comparison between the initial model and the optimal
model. The torque ripple of the initial model is very large,
at almost 88.4%, as shown in Table II. Fig. 9 also displays
that of the optimal model for minimizing torque ripple. As
shown in Table 1T, when ¢, is 0.0 and a,is 1.0, the

torque ripple of the optimal model is drastically improved
10 6.2%. It can be known that the torque ripple and average
torque were satisfied of their constraint conditions and
there was a trade-off between the torque ripple and the
average torque.

6. Conclusion
This paper presented the results of this optimum design

for maximizing the average torque and minimizing torque
ripples specified according to the SRM applications. In that

work, the time stepping FEM has been effectively used in
taking the drive circuit and the switching condition into
account. In order to identify approaches to the SRM,
optimal design variables as well as performances were
investigated in detail. A trade-off characteristic between
the average torque and the torque ripple was also
investigated. The optimal design process proposed in this
article may also be used effectively for various electric
machines.
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