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ABSTRACT

This paper presents the use of particle swarm opti-
mization (PSO) algorithm applied to the optimal de-
sign of the 4/2 switched reluctance motor (SRM). The
main advantage of designing 4/2 SRM is the robust
rotor structure for high speed unidirectional rotating
applications such as the air conditioner's blower. In
the designing process, the �nite element method mag-
netics (FEMM) is employed to analyze the designing
SRM with its optimized parameters given by PSO.
This PSO algorithm is e�cient and �exible. The ob-
jective function is based on the ripple torque mini-
mization with respect to rotor node position. The
PSO algorithm is described and the FEMM simula-
tion results with detailed analysis will be given for
verifying optimal rotor design by PSO algorithm.

Keywords: Particle Swarm Optimization, Switched
Reluctance Motors , Finite Element Method

1. INTRODUCTION

Nowadays, the switched reluctance motor (SRM)
is interested in industrial and home applications such
as blowers, pump, vacuum cleaners, compressors,
spindle drives, and etc because of its high power den-
sity and compact size of a high speed motor [1-2]. The
SRM has a simple and strong structure. The rotor
is simple and requires relatively few manufacturing
steps. It also tends to have low inertia. The stator
windings are also simple. The end turns of windings
are short and have no phase-phase crossovers. There
are no permanent magnets. Therefore, the mechani-
cal structures are resistant to the environment, high
temperature and suitable in high speed applications
[3-4]. It is well known that the core losses are propor-
tional to the electrical frequency and the switching
losses in power semiconductors are proportional to
switching frequency. Thus, high electrical frequency
operation can cause increasing losses of SRM. For a
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particular operating rotor speed, the electrical fre-
quency can be reduced when the number of rotor
poles is reduced. In order to reduce power losses in
high speed drives, the number of rotor poles should
be lowest as possible. The choice of 2-poles rotor is
thus preferable in high speed drives.

In this paper, the 4/2 SRM was designed for air
blower system which requires only one direction of ro-
tation. In order to satisfy the application, variable air
gap at the rotor poles is being proposed to improve
the torque characteristics of self-starting performance
with respect to the rotor designs. This paper is or-
ganized as follows. In section 2, the 4/2 SRM de-
sign is described. In section 3, the PSO algorithm is
explained to optimize the 4/2 SRM. The simulation
results are given in section 4 and the conclusion is in
section 5.

2. 4/2 SRM DESIGN

Switched reluctance motor consists of stator and
rotor, which are made of laminated silicon steel. Fig.
1 shows the 4/2 SRM structure. The winding on the
stator consist of two-phase windings. Phase-A stator
windings consist of two windings installed in poles
A1 and A2. Both A1 and A2 windings are connected
in series. Likewise, the same winding con�guration
is true for phase-B. When the current �ows through
the phase windings, the rotor tends to align with that
stator poles in the direction of minimum reluctance
position.

Fig.1: 4/2 switched reluctance motor.
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To design the proposed SRM, the FEMM is mainly
tool. This two-dimensional partial di�erential solving
program has the ability to calculate and analyze the
various motor designs. The motor torque characteris-
tics are analyzed by using FEMM. Table 1 shows the
speci�c parameters of two-phase proposed SRM and
Table 2 shows its materials for designing.

Table 1: Parameters of two-phase SRM.

Parameter Value
Output power (W) 300
Input voltage (V) 220
Outer diameter of stator (mm) 82
Inner diameter of stator (mm) 44
Stator back iron diameter (deg) 65.5
Shaft diameter (mm) 13.2
Length of axial stack (mm) 40
Pole arc of stator (deg) 48
Pole arc of rotor (deg) 102
Rotor inner diameter (mm) 26.2
Length of air gap (mm) 0.25
Winding turns per pole 100

Table 2: Material of two-phase SRM.

Type Material
Stator M-19 Steel
Rotor M-19 Steel
Wire Copper 22 SWG

3. PARTICLE SWARM OPTIMIZATION
ALGORITHM AND FINITE ELEMENT
METHOD MAGNETICS

The optimal design of SRM uses a particle swarm
optimization (PSO) algorithm and �nite element
method magnetics. The PSO is used to search the
optimal design parameters by maximizing the �tness
function. The FEMM is used as a solver of the �tness
function.

The PSO algorithm is a population based on
stochastic optimization strategy which was developed
in 1995 by Kennedy and Eberhart [5]. They were in-
spired by the social behaviour of a �ock of birds, a
group of ants, a school of �sh, etc. Firstly, the system
has a population of solution that are random. Each
potential solution called �particle�. Each particle is
given a random velocity. The particles have mem-
ory and tracking the best previous position (Pbest)
and the particle with the greatest �tness is called the
global best (Gbest) of the swarm. The basic concept of
PSO algorithm is to accelerate the particle to Pbest

and Gbest by accelerating the weights randomly in
each step.

The main steps in PSO and the selection process
are explained below:

a) Initialize the population with random position and
velocity of particle in space of problem.

b) Evaluate the �tness of each particle in the swarm.
c) For each iteration, it compares the �tness of each

particle with Pbest obtained. If the current value
is better than Pbest, then set the current value
equal to Pbest.

d) Compare Pbest of the particle with one another
and update the swarm global best location with
Gbest.

e) Change the velocity and position of the particle
according to equations (1) and (2), respectively.

Vi = ω × Vi + rand1(Pi −Xi)+

C2 × rand2(Pg −Xi)
(1)

Xi+1 = Xi + Vi (2)

PSO has many parameters and these are described
as follows: Vi and Xi present the velocity and posi-
tion of the ith particle. The Pi and Pg are the local
best position and the global best position, respec-
tively. The rand1 and rand2 are two uniform random
functions. The c1 and c2 are the acceleration coef-
�cients, and ω is the inertia weight, which is chosen
beforehand.

The process is repeated until total generation num-
ber is reached. The modeling 4/2 SRM to be opti-
mized is shown in Fig. 2. In the optimal design, a
constant value of the inertia weight ω = 0.9, accelera-
tion coe�cients c1 = 0.12 and c2 = 1.2, and maximum
iteration = 20. The PSO algorithm is used to �nd the
current position (Xi) at node to be optimized. Then,
the ripple torque is calculated by FEMM.

The fundamental physical equations in (3)-(5)
that describe the electromagnetic �elds are given by
Maxwell's equations. These equations are always
solved by using vector potential formulation.

∇ ·B = 0 (3)

∇× E = −dB

dt
(4)

∇×H = J (5)

These equations are presented in terms of vector
�eld variables E, B and H.

In equation (6), the magnetic vector �eld B is pre-
sented in term of the vector potential as:

B = ∇×A (6)

The relationship between H and B is shown in
equation (7):

H = r.B (7)

where r is inverse of the permeability. The vector
potential equation for magnetic �eld in equations (6)
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Fig.2: Modelling 4/2 SRM by FEMM.

Fig.3: Flow chart of the optimal design using
FEMM and PSO.

and (7) replaced to equation (5). It shows in equation
(8).

∇× (r · ∇ ×A = J) (8)

In this paper, the FEMM version 4.2, the open
source software, is mainly used. A powerful scripting
language, Lua 4.2, is integrated with the program.
Lua allows users to create batch runs, describe ge-
ometries parametrically, perform optimization, and
etc. Lua is also integrated into every edit box in the
program so that formulas can be entered in lieu of
numerical values, if desired [6]. Overall optimizing
�ow chart is shown on Fig. 3.

The objective function that is selected to be mini-

Fig.4: FEMM mesh of 4/2 SRM.

Fig.5: Flux distribution of 4/2 SRM.

mize is the ripple torque as shown in equation (9)

Trip =
Tmax × Tavg

Tavg
× 100 (9)

Many parameters are described as follows: Trip is
the ripple torque. Tmax is the maximum torque and
Tavg is the average torque.

The mesh of designing 4/2 SRM by FEMM is
shown in Fig. 4. After simulating, the �ux distri-
bution of 4/2 SRM can be illustrated in Fig. 5.

4. SIMULATION RESULTS

In this section, the simulation results are presented
into two subsections. In the �rst subsection, the sim-
ulation results of the minimizing ripple torque by us-
ing PSO are given. Secondly, the simulation results
related other aspects such as the starting torque, the
maximum torque, and the winding turns per pole are
investigated.

4.1 The minimizing ripple torque

The ripple torque was previously de�ned in equa-
tion (9). It is basically calculated by the di�erence be-
tween the maximum torque and the minimum torque
with respect to the average torque. This subsection
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Fig.6: Regions of rotor surface showing the node to
be optimized.

Fig.7: Torque of 4/2 SRM by using PSO.

discusses the reduction of the ripple torque by us-
ing PSO. Fig. 6 shows three di�erent rotor surface
regions; i.e., constant radius regions A, nonlinear re-
gion B and constant radius regions C. The node at 54
degree on nonlinear region B will be primarily focused
on optimization.

Referring to Fig. 6, the node at 54 degree on non-
linear region B is moved in the direction of the y-axis.
The values of parameters are already given from Ta-
ble 1. The simulation results of two phase torques
versus rotor position when using PSO is shown in Fig.
7 and the lengths of air gap before and after optimiza-
tion are summarized in Table 3. Fig 8 shows the rotor
structure with optimized air gap at 54 degree node.
After running PSO, the length of air gap for 4/2 SRM
is converging to 0.39 mm, giving the minimum ripple
torque as shown in Fig 9. In Fig. 10, the ripple torque
versus iteration is shown. It is clearly that the ripple
torque is minimizing as iteration proceeds. Accord-
ing to this result, the ripple torque of optimized node
is equal to about 8.36% which is less than the ripple
torque of non-optimized node shown in Fig. 11 in
which the ripple torque is equal to 13.83%.

Fig.12 shows the comparison of torque between be-
fore optimization of rotor shape versus optimal rotor
shape using PSO. Clearly, the optimal rotor shape
provides improvement of the ripple torque.

Table 3: Length of air gap at 54 degree node.

Before optimization 0.20 mm
PSO 0.39 mm

Fig.8: Length of air gap after optimization.

Fig.9: Length of air gap vs iteration.

Fig.10: The ripple torque vs iteration.

Fig.11: Torque of non-optimized node.
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Fig.12: Torque before optimization and PSO.

4.2 Evaluations of optimized SRM

In this subsection, �rstly, the adjustment of the
pole arc of rotor a�ecting the starting torque is tested.
Secondly, the adding and reducing the winding turns
per pole a�ecting the torque are investigated.

4.2...1 The starting torque

This subsection discusses the simulation results for
adjusting the pole arc of rotor, comparing with the
pole arc of stator that a�ects the starting torque char-
acteristics. Table 4 shows the various pole arcs of sta-
tor and rotor. Firstly, the simulation result of torque
waveform versus rotor position when the pole arc of
rotor is longer than the pole arc of stator can be seen
in Fig.11. The torque is initially increased from the
rotor position of 14 degree, approximately. The max-
imum torque is around 0.042 Nm. On the other hand,
when the pole arc of rotor is shorter than the pole arc
of stator as shown in Fig. 13, the simulation result of
torque waveform can be seen in Fig.14. In this case,
the torque is initially increased from the rotor po-
sition of 50 degree. The maximum torque is around
0.048 Nm. Thirdly, when the pole arc of rotor is equal
to the pole arc of stator as seen in Fig. 15, the simu-
lation results of torque waveform is shown in Fig.16.
The torque is initially increased from starting the ro-
tor position of 30 degree. The maximum torque is
about 0.09 Nm. Therefore, the starting torque char-
acteristic can be a�ected when the pole arc of rotor
is adjusted.

Table 4: Pole arc of stator and rotor.

Pole arc of stator Pole arc of rotor
(degree) (degree)

48 102 mm
48 48 mm
48 30 mm

4.2...2 The winding turns per pole

This subsection considers the e�ects of di�erent
winding turns per pole. The winding turns per pole

Fig.13: Modeling of 4/2 SRM when the pole arc of
rotor is shorter than the pole arc of stator

Fig.14: Torque of 4/2 SRM when the pole arc of
rotor is shorter than the pole arc of stator.

Fig.15: Modeling of 4/2 SRM when the pole arc of
rotor is equal to the pole arc of stator.
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Fig.16: Torque of 4/2 SRM when the pole arc of
rotor is equal to the pole arc of stator.

Fig.17: Torque with winding turns per pole of 120
turns.

Fig.18: Torque with winding turns per pole of 80
turns.

are adjusted to be 80 and 120 turns, comparing with
100 turns. Fig.17 shows the torque produced by 4/2
SRM with the winding turns per pole of 120 turns.
Clearly, the torque is increased from one produced by
winding turns per pole of 100 turns shown in Fig.7.
On the other hand, Fig.18 shows the torque produced
by 4/2 SRM with the winding turns per pole of 80
turns. It is expected to observe the lower torque with
lower number of winding turns. Referring to these
Figs.17 and 18, Table 5 summarizes the torque pro-
duced by di�erent winding turns per pole.

Table 5: Torque produced by di�erent winding turns
per pole.

Winding turns per pole Torque (Nm)
80 0.023
100 0.035
120 0.054

4.2...3 The phase current

Next, the torque production due to the increase
of phase current from 1.0 to 2.5 A is simulated as
shown in Fig.19. As expected, the maximum torque
is increased from 0.037 to 0.24 Nm with the increase
of phase current from 1.0 to 2.5 A, respectively.

Fig.19: Torque with the phase current of 1.0A and
2.5A.

5. CONCLUSION

This paper presents a study design of 4/2 SRM
using PSO, optimizing the rotor pole shape for mini-
mizing ripple torque. According to simulation results,
the ripple torque can be reduced by 8.36%. with
optimized 54 degree node of rotor pole. When the
pole arc of rotor is equal to the pole arc of stator,
the maximum torque is highest, comparing with the
shorter and longer pole arc of rotor. However, in
this case of equal pole arc of rotor and stator, the
initial torque is generated at rotor position of 30 de-
gree, which may not provide the continuous two phase
torque. Both increasing number of winding turns per
pole and increasing phase current similarly result in
the increased maximum torque of 4/2 SRM.
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