http://jeceii.srttu.edu

Jourrnal of Elecctrical and Computerr Engineering Innovattions
SRTTU

JECEI, Vol. 2, No. 1, 2014
Regular Paper

Optimu
um Dessign of a SRM Using
U
FE
EM and PSO
Mehdi Ra
anjkesh1, Esmael
E
FalllahChoola
abi1,*, and Mojtaba
M
Pourjafari1
Faculty of Engineering,
E
University off Guilan, Rash
ht, Iran.
Corresponding Author's Information:: fallah_e@gu
uilan.ac.ir
1

ARTICLE INFO
ARTICLE HISTORY:
H
Received 23
3 February 201
14
Revised 3 May
M 2014
Accepted 13
3 May 2014

KEYWORD
DS:

Switched Reeluctance Moto
or(SRM)
Finite Elem
ment Method (F
FEM)
Particle Swaarm Optimizatiion (PSO)

ABSTRA
ACT
Nowaday
ys the use off the Switcheed Reluctancce Motors (SR
RMs) has beeen
considerrably increassed in vario
ous home an
nd industriaal application
ns.
Despite of many ad
dvantages of this type o
of motors, su
uch as simp
ple
structuree, low cost, and high reliaability, the maain disadvanttage of them is
the geneeration of hiigh torque pulsation.
p
Th
his paper preesents a nov
vel
method to
t optimize a typical SRM
M such that th
he torque rip
pple reaches its
i
minimum
m value. Meanwhile, the torque
t
averagge and the motor
m
efficien
ncy
become maximum.
m
Itt is shown thaat the pole w
width to the pole
p
pitch ratio,
for both stator and ro
otor poles, have a great impact on thee torque ripp
ple
que average. Finite Elemeent Method (FEM) is used
d to obtain th
he
and torq
torque ripple,
r
the to
orque averagge and the m
motor efficien
ncy for a large
number of ratios. A functional relationship
r
is developed
d between th
he
nd the outputt parameterss. Normalized
d summation
n of the torqu
ue
input an
ripple minus the torq
que average and
a the efficieency is consid
dered to be th
he
nction, which
h must be minimized.
m
T
Then, the Particle Swarrm
cost fun
Optimizaation (PSO) iss used to find
d the optimum
m ratio of pole width to po
ole
pitch, forr both stator and rotor. Th
he optimum d
design is veriffied by FEM.

1. INTRODU
UCTION
Switched reeluctance mo
otors are in the
t family off the
reluctant motors
m
which
h have very simple struccture
[1], [2]. Thiss motor has salient poless in the rotorr and
stator and has coils on
nly on the stator
s
poles. The
advantages of these typees of motors can be listed as:
simplicity of
o structure, low price of
o manufactu
uring,
variability of speed, saafe power controlling, high
reliability, long lifespan, high ratiio of torque to
volume, and
d the resistaance against overheatingg [1],
[3]. These advantages have causeed a widesp
pread
usage of succh motors in the industry
y. Despite of these
t
advantages, switched reeluctance mo
otors have some
s
disadvantagges too. In theese motors th
he stator currrents
waveforms are complexx and also they
t
have torque
ripples that cause fuss and
a acoustic noise
n
[4]‐[7].. The
cause of theese ripples in such motorss, at first coulld be
attributed to
o the working in the saturration and also to
discontinuous mechanissm of the torque producction.
There are two
t
general methods for decreasingg the

ples of the to
orque. The ffirst one is changing
c
thee
ripp
desiign of the mo
otor from a m
magnetic pointt of view [8]‐‐
[13]]. And the seecond one, iss changing th
he electronicc
conttrol of the mo
otor‐driven [1
14]‐[16].
The first meth
hod is preesented in this paper..
Considering the conducted sttudies on this area, it hass
been
n observed that
t
such stu
udies are in two generall
cateegories. In th
he first state, there is no fundamentall
chan
nge in the motor
m
structure, instead, the
t influencee
of th
he motor dim
mensions on the cogging torque weree
insp
pected; param
meters such aas stator polle arc, motorr
axiaal length, slott skewing, th
he ratio of thee external to
o
the internal radiu
us and so on.. In the secon
nd one, a new
w
stru
ucture has beeen suggesteed for such motors.
m
As a
sam
mple, it has been
b
worked on the stato
or and rotorr
polees [17]. At firrst, the anglee of the stator and rotorr
polees has been changed from
m 15 to 23 and 15 to
o
30,, respectively
y. Then, thee motor torrque and itss
ripp
ple are obtain
ned using th
he finite elem
ment method
d
(FEM
M) in the staatic mode. Finally, using these
t
values,,
an artificial
a
neural network (ANN) has been
b
trained
d
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for optimizing the dimensions of the stator and the
rotor poles in order to have more average torque with
less torque ripple. A new structure, including two
rotors, has been suggested for the motor in [18]. It has
been observed that the average torque increased and
the torque ripple decreased. In [19], it has been
worked on the stator structure. In order to have less
saturation, some changes are applied to the edge of
the stator teeth. It was observed that the torque and
its ripple reached a better condition.
This paper focuses on the ratio of the width of the
teeth to the pitch of the pole. At first, a motor with
defined dimensions has been considered. By changing
the ratio of the tooth width to the pole pitch for the
stator and rotor, and simulating motor by FEM, a lot of
data have been obtained that has been arranged in a
table. In order to gain the points which are not
available in the table of the data, the interpolation
method has been used. Then, using the particle swarm
optimization (PSO), an optimum value has been
achieved for the ratio of the pole width to the pole
pitch for both stator and rotor. The cost function has
been defined so that the motor would have the
maximum average torque, minimum torque ripple
and maximum efficiency.

1
2

  i2

dL( )
d

(5)

Fig.1 shows a typical torque waveform produced by
such motors. This waveform has been obtained from
the finite element analysis. This figure shows a lot of
ripple in the torque waveform.
3. THE TORQUE RIPPLE
As it is clear in Fig.1, the torque is changing from
the minimum to the maximum value. In various
papers, different formulas have been used for
measuring the ripples of the torque. In this paper, the
ripple of the torque is defined as follows:
 

 max   ave
 max

(6)

where is the ripple of the torque, max is the
maximum torque, and ave is the average torque.

2. THE EQUATION OF THE TORQUE
The equation of the voltage for one phase of the
switched reluctance motor is as follow:
v  ri 

d
dt

(1)

where v is the voltage of the phase, r is the resistance
of the coil and λ is the flux linkage. Supposing that the
core is linear and the rotor rotates with the angular
speed of , the voltage equation will be as follow:
v  ri  L

di
dL( )
 i
dt
d

(2)

where L is the inductance and  is the position of the
rotor. From (2), the equation of the power in motor
will be as follows:
di 2 dL( )
(3)
i 
dt
d
d 1
1
dL( )
(4)
vi  ri 2  ( Li 2 )  i 2
dt 2
2
d
The left side of the (4) is the input power. The first
term in the right hand side of the equation is the
resistive power losses. The second term is the power
which is stored in the magnetic field, and the third
part is the mechanical power. So, the torque equation
can be achieved as:

Figure 1: A typical waveform of the moving torque produced
by SRM.

4. FINITE ELEMENT ANALYSIS
The governing equation for 2D magneto static
problem can be represented as follow:

2 A 2 A

  J s
x 2 y 2

(7)

vi  ri 2  Li
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where is magnetic permeability, A is the vector
magnetic potential and Js is the current density in the
coil area. The above differential equation is converted
to algebraic equation through the Galerk in method:
(8)
 S nn  An1  J s  D n1
in which, [S] is the coefficient matrix, [A] is the vector
of potentials, [D] is a fixed vector and n is the number
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of the nodes. Matrix [S] and vector [D] are constant
and they depend on the geometry of the 2D space and
the way of meshing [19]. The voltage equation for one
phase is as follows:



d
vk  rk ik  k
dt

(9)

where vk is the phase voltage source, ik is the phase
current, rk is the resistance of the phase and k is the
flux linkage of the phase winding. The flux linkage, k,
is achievable through the following equation:

k  lz  D  A
T

(10)

In that lzis the axial length. The phase current, ik, is
in relationship with the current density in the coil
area, Js, as follow:

ik 

sj
nw

(11)

Js

where Sj is the coil’s cross‐sectional area and nw is the
number of turns in the that area. Equations (8) to (11)
have been indicated in the form of matrix as follow:

 S 

 D T


 D


  [ A(t  t )]   0nn

s j r t   
 J s (t  t )   D T


nw lz 
0n1


  A(t )  



t

  v (t  t ) 
J
t

(
)
 s  l k

 z

0

0 

(12)

After solving (12) and determining magnetic
potential, the flux density can be achieved from:
B   A

(13)

whereB is the flux density vector andA is the
magnetic potential vector. According to Maxwell
stress formulation, the electromagnetic torque can be
represented as follow [20].



lz

0

2

r

2

Br B d

affected by the design of the motor. To achieve
efficiency of a motor, the below equation could be
used:

(14)

Pout
 100
Pin

(15)

In this equation,
is efficiency, Pin is the input
power and Pout is the output power of the motor. To
gain the input power, (16) must be used.
T

Pin 

1
vidt
T 0

(16)

And also the output power is achieved through the
below equation.
Pout   ave

(17)

6. PARTICLE SWARM OPTIMIZATION (PSO)
Particle Swarm Optimization was designed by
Kennedy and Eberhart for the first time [21]. The
primary idea of this algorithm has been deduced from
the flight of the birds. In the PSO algorithm, there are
some elements known as particles, which are
expanded in the search‐space. Each particle can be an
N‐dimensional vector. The goal is to find the best
particle (or best position) which has the minimum
value of the objective function. At first, the particles
are initialized with random values. Then, the objective
function is calculated for each particle. After that, from
current position and velocity of the particle and the
best position of it (from beginning up to now) and the
position of the best particle, the next position and the
next velocity of each particle can be found out. This
process is done for all particles in each iteration. After
some iteration (depends on the required accuracy),
the particle which has the minimum value of the
objective function is available. The following
equations indicate updating process of the velocity
and position for each particle.

vi 1 ( p)  w.vi ( p)  ci .rand1 .(besti ( p)  xi ( p))
 di .rand 2 .(besti ( X pop )  xi ( p))
xi 1 ( p)  xi ( p )  vi 1 ( p )

(18)
(19)

0

where Br and B are the radial and tangential
components of vectorB respectively and  is the
motor torque.
5. DETERMINING THE MOTOR EFFICIENCY
Efficiency is one of the important factors which is
J. Elec. Comput. Eng. Innov. 2014, Vol. 2, No. 1, pp. 29-35

where vi(p) and xi(p) are the velocity and the position
of each particle respectively, ci is the local learning
coefficient and di is the global learning coefficient.
They are in the range of 0 to 2 and they effect on the
convergent speed [21]. The inertia weight, w, is very
important in the convergence of PSO. Increasing w
increases the convergence speed and it means less
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exploration property. To choose a suitable w, the
following equation can be used:
w(k )  wmax  (

wmax  wmin
)  iter
itermax

(20)

Where, itermax is the maximum number of iterations,
iter is the number of iteration, wmax is the primary
weight, and wmin is the final weight. The primary value
for w is around 1 and it will be decreased towards
zero gradually.
7. SELECTING THE APPROPRIATE PARAMETERS FOR THE
OPTIMIZATION
Four different parameters are defined in the SRM,
These four parameters are:

s 

s
R
R

,  r  r , pr  ir , ps  is
s
r
Ror
Ros

(21)

where  s is the stator pole pitch,  s is the stator pole
width,  r is the rotor pole pitch and  r is the rotor
pole width and are shown in Fig.5. Moreover Rir is the
rotor inner radius, Ror is the rotor outer radius, Ris is
the stator inner radius and Ros is the stator outer
radius. s and r are the ratio of the pole width to the
pole pitch for stator and rotor respectively and Ps and
Pr are the ratio of inner radius to outer radius for
stator and rotor, respectively. These four parameters,
s, r, Ps and Pr, were changed in the range of 0.35 to
0.65. The other specifications of the motor are listed
in Table1. The average torque and the torque ripple
were calculated at each point. Results are shown in
Fig. 2 and Fig.3, respectively. It is seen that the role of
γs and γr on the average torque and the torque ripple
is more significant than the Ps and Pr. So γs and γr were
chosen as the optimization parameters.

Figure 2: The changes of the average torque versus design
parameters, including Ps ,Pr , s and r .
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Figure 3: The changes of the torque ripple versus design
parameters, including Ps ,Pr , s and r .

TABLE 1: SPECIFICATIONS OF A TYPICAL MOTOR.
Number of stator poles
Number of rotor poles
Number of phases
Stator pole pitch angle
Rotor pole pitch angle
Stator pole arc angle
Rotor pole arc angle
External diameter of the stator
Internal diameter of the stator
Depth of the stator slot
Minimum air gap
External diameter of the rotor
Internal diameter of the rotor
Motor length
Winding turns

12
8
3
30
45
15
22.5
140 mm
84 mm
14.46 mm
1 mm
83 mm
49.8 mm
65 mm
142

8. OPTIMIZATION OF THE TYPICAL MOTOR
The parameters of the studied switched reluctance
motor are listed in Table1. This motor has been
modeled by the finite element software (Maxwell‐13).
Fig.4 shows the contour‐plot of the magnetic flux in a
typical condition of the motor analysis. As mentioned
before, s and r are the important factors in the
optimization process. s was changed in the range
of0.53 to 0.73 and r was changed in the range of 0.33
to 0.5. These ranges are selected so that the torque
average maintain in an acceptable range. As it can be
seen in Fig. 2, less than 0.35, the average torque
decreases to an unacceptable value and above the
0.65 the torque average starts to decrease from its
maximum value.
The step of the changes was considered to be 0.01.
It means that s=0.53:0.01:0.73 and r=0.33:0.01:0.50.
In each case, the average torque, the torque ripple and
the efficiency are calculated using finite element
analysis. In this way 504 output data were obtained.
Some of them are shown in Table2 to Table4. The
graphs of the results are shown in Fig. 6 to Fig.8.
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Figure 8: The changes of the efficiency in the range of
0.53s0.73 and 0.33r0.53.
Figure 4: Contour plot of magnetic flux obtained by finite
element analysis.

TABLE 2: AN EXAMPLE OF THE AVERAGE TORQUE VARIATION IN TERMS
OF S ANDr .
r=0.54

r=0.53

r=0.52

ave (N.m)

5.3128

5.1292

5.0097

s=0.54

5.2030

6.4770

6.3657

s=0.55

5.1289

5.0258

4.8930

s=0.56

TABLE 3: AN EXAMPLE OF THE TORQUE RIPPLE VARIATION IN TERMS
OF S AND r .

Figure 5: Pole pitch, s and r , and pole width, s and r , for
both stator and rotor.

r=0.54

r=0.53

r=0.52

(N.m)

0.5427

0.5428

0.5532

s=0.54

0.5446

0.5362

0.5508

s=0.55

0.5350

0.5413

0.5507

s=0.56

TABLE 4: AN EXAMPLE OF THE EFFICIENCY VARIATION IN TERMS OF S
AND r .

Figure 6: The changes of average torque in the range of
0.53s0.73 and 0.33r0.53.

Figure 7: The changes of the torque ripple in the range of
0.53s0.73 and 0.33r0.53.
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r=0.54

r=0.53

r=0.52

(N.m)

0.5427

0.5428

0.5532

s=0.54

0.5446

0.5362

0.5508

s=0.55

0.5350

0.5413

0.5507

s=0.56

Using finite element analysis, a discrete space with
the high accuracy and high resolution points is
available. So, by means of the linear interpolation, it is
possible to represent a continuous space, including s,
r and related torque or efficiency.
The final goal is to find the optimum s and r with
the maximum average torque and efficiency and the
minimum torque ripple. It can be done using the PSO.
The following equation is defined as cost function and
can be used for optimization of s and r.




)(
)  ( ave )
 max
max
 ave

OPT  (

(22)

max

The PSO was converged in 13 iterations, as it is
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clear in Fig.9. The objective function's variations are
shown in Fig.10. The optimal value for s is 0.55 and
for r is 0.53. In this case the average torque is 6.45
N.m, the ripple torque is 0.54, and the efficiency is
80.63%. These values are the best choice for s and r.

Figure 9: Decreasing of cost function versus iterations.

Figure 10: The changes of the cost function in terms ofs and
r;the point with the minimum cost function is shown with *

9. CONCLUSION
According to the widespread usage of the Switch
Reluctance Motors in home and industrial
applications, study of these motors is now became a
great concern. One of the problems of this motor is the
torque ripple which causes noise. In this paper it is
shown that the most effective factors on the torque
ripple are the ratio of the pole width to the pole pitch
for stator and rotor (sandr). On the other hand,
decreasing the torque ripple in some cases, may cause
a decreasing in the average torque. Therefore, each
optimization procedure must obtain the minimum of
the ripple with the maximum of the average.
Moreover, the motor efficiency is important too
therefore, the optimization method must be
performed in a way that it reaches its maximum value.
To achieve this multi‐purpose optimization, the PSO
has been used. At first, values of the average torque,
torque ripple, and the efficiency have been gained for
a lot of s andr, using the finite element software. By
means of interpolation, average torque, torque ripple,
and efficiency have been represented as continuous
functions of s andr. Finally, using PSO, the best value
ofs andr has been achieved. The conducted analysis
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by finite element method, validates the achieved
optimum points.
REFERENCES
[1] T. J. E. Miller, "Switched Reluctance Motors and Their Control,"
New York, Oxford Univ. Press, 1993.
[2] K. Russa, I. Husain, and M. Elbuluk, “Torque ripple
minimization in switched reluctance machines over a wide
speed range," in IEEE Ind. Applicat. Soc. Annu. Meeting, New
Orleans, LA, Oct. 5–9, 1997.
[3] Z. Lin, et al., "High Performance current Control for switched
reluctance motors based on on‐line estimated parameters,"
IET Electri. Power Appl., Vol.4, pp.67‐74, 2010.
[4] K. M. Rahman, S. E. Schulz, "Design of high‐efficiency and
highdensity switched reluctance motor for vehicle
propulsion," IEEE Trans. Ind. Applicat., Vol. 38, No. 6, pp.
2104–2110, Nov.‐Dec. 2002.
[5] P. J. Lawrenson, J. M. Stephenson, P. T. Blenkinsop, J. Corda,
and N. N. Fulton, "Variable‐speed switched reluctance motors,"
Proc. Inst. Elec. Eng., Vol. 127, No. 4, pt. B, pp. 253–265, Jul.
1980.
[6] J. Oyama, T. Higuchi, T. Abe, and K. Tanaka, "The Fundamental
Characteristics of Novel Switched Reluctance Motor with
Segment Core Embedded in Aluminum Rotor Block," Journal of
Electrical Engineering & Technology, Vol. 1, No.1, pp. 58‐62
2006.
[7] T. Ueda, T. Abe, and T. Higuchi, "Decrease of Pulsating Torque
for Novel Segment Type Switched Reluctance Motor Using
Slide Structural Rotor," Proc. of the 2008 JIAS Conference,
Vol.3, No.3‐31, 2008, pp. 233 ‐ 236.
[8] J. Oyama, T. Higuchi, T. Abe, and N. Kifuji, "Novel Switched
Reluctance Motor with Segment Core Embedded in Aluminum
Rotor Block," IEEJ Trans. IA, Vol.126‐D, No.4, pp. 385‐390,
2006.
[9] S. Mao,M. Tsai, "A novel switched reluctance motor with C‐core
stators," IEEE Transactions on Magnetics, Vol. 41, No. 12, pp.
4413‐4420, Dec. 2005.
[10] C. Lee, R. Krishnan, and N. S. Lobo, "Novel two phase switched
reluctance machine using common‐pole E‐core structure:
concept, analysis, and experimental verification," IEEE
Transactions on Industry Applications, Vol. 45, No. 2, pp 703‐
711, Mar./Apr. 2009.
[11] S. Oh,R. Krishnan, "Two‐phase SRM with flux‐reversal‐free
stator: concept, analysis, design, and experimental
verification," IEEE Transactions on Industry Applications, Vol.
43, No. 5, pp 1247‐1257, Sep./Oct. 2007.
[12] R. Gobbi,K. Ramar, "Optimization techniques for a hysteresis
current controller to minimize torque ripple in switched
reluctance motors," IET Electric Power Applications, Vol. 3, No.
5, pp. 453‐460, 2009.
[13] X. D. Xue, K. W. E. Cheng,S. L. Ho, "Optimization and evaluation
of torque‐sharing functions for torque ripple minimization in
switched reluctance motor drives," IEEE Transactions on
Power Electronics, Vol. 24, No. 9, pp. 2076‐2090, Sep. 2009.
[14] N. Inanc,V. Ozbulur, "Torque ripple minimization of a switched
reluctance motor by using continuous sliding mode control
technique," Electric Power System Research (Elsevier), Vol. 66,
pp. 241‐251, 2003.
[15] H. Sahraoui, H. Zeroug, and H.A Toliyat, "Switched Reluctance
Motor Design using Neural‐Network Method with Static Finite‐
Element Simulation," IEEE Trans. on Magn., Vol. 43, No. 12,
Dec. 2007.
[16] T. Higuchi, T. Ueda, and T. Abe, "Torque Ripple Reduction
Control of a Novel Segment Type SRM with 2‐steps slide
Rotor," International Power Electric Conference, pp. 2175‐
2180, 2010.
[17] J. W. Lee, H. S. Kim, B. Kwon, and B.T. Kim, "New Rotor Shape
Design for Minimum Tprque Ripple of SRM Using FEM," IEEE
Trans. on Magn., Vol. 40, No. 2, pp.754‐757, March 2004.
[18] J.P.A. Bastos,N.Sadowski, "Electromagnetic Modeling by Finite
Element Methods, Marcel‐Dekker," 2003.

Optimum Design of a SRM Using FEM & PSO

[19] J.Kennedy, R.C. Eberhart, "Particle Swarm Optimizatin," IEEE
International Conference on Neural Network, Vol. 4, pp. 1942‐
1948, 1995.
[20] B. Jarboui, N. Damak, P. Siarry, and A. Rebai, "A Combinatorial
Particle Swarm Optimization for Solving Multi‐mode
Resource‐ constrained Project Scheduling Problems," Applied
Mathematics and Computation, pp. 299‐308, 2008.
[21] K. T. Chaturvedi, M. Pandit, and L. Srivastava, "Particle Swarm
Optimization with Time Varying Acceleration Coefficients for
Non‐Convex Economic Power Dispatch," Electrical Power and
Energy Systems, Vol. 31, No. 6, pp. 249‐257,

BIOGRAPHIES
Mehdi Ranjkesh Received his B.Sc. in
Electrical Engineering from Mehrastan
University, Astaneh Ashrafieh, Guilan, Iran,
in 2010 and the M.Sc. degree in Electrical
Engineering from University of Guilan,
Rasht, Iran in 2013. He is now teaching in
Iran Technical and Vocational University.

Esmael FallahChoolabi received the B.Sc.
degree in electrical engineering from the
Isfahan University of Technology, Isfahan,
Iran, in 1996 and the M.Sc. and Ph.D degree
in electrical engineering from Amir Kabir
University of Technology, Tehran, Iran, in
1999 and 2006, respectively. He is now
with the University of Guilan as the
Assistant Professor. His research interests
are Electrical Machines and Drives.

Mojtaba Pourjafari received the B.Sc.
degree in electrical engineering from
Guilan University, Rasht, Iran, in 2010, the
M.Sc. degree in electrical engineering from
Guilan University, Rasht, Iran, in 2013. His
research interests are in finite element,
motor design and DSP base inverter
programing.

J. Elec. Comput. Eng. Innov. 2014, Vol. 2, No. 1, pp. 29-35

35

