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Abstract – This paper deals with a design of a 2-phase Switched Reluctance(SR) Motor, which is used for a 
cooling fan motor of refrigerators. To reduce the dead zone and improve the efficiency, the snail-cam type 
rotor pole and the asymmetric stator pole are investigated. For the improved shape design, the performances of 
each model are obtained from numerical calculation results by 2D time-stepping finite element method (FEM) 
coupled with circuit equations. The accuracy of analysis is verified by comparing the analysis results with 
experimental data. Based on the  investigation results, an improved shape of stator and rotor poles are 
proposed.  

 
Introduction 

 
Switched Reluctance (SR) motors have many advantages, such as possibility of high-speed 

operation and simplicity of mechanical construction. These characteristics make SR motors be a good 
alternative to the other motors, such as Brushless DC and induction motors, and a better choice for the 
household electric appliances. Specially, the 2-phase SR motors have gained continuous attention of 
many researchers due to its low cost[1]-[2]. Even though the 2-phase SR motors can be attractive, it 
still has inherited disadvantages such as torque ripple and low efficiency in commercial applications. 
Therefore, in this paper the design of a 2-phase SR motor is investigated to improve the torque 
characteristic and efficiency for the fan motor in refrigerators.  

For the design of 2-phase SR motor as a part of electric appliance, there are several constraints. The 
number of stator and rotor poles, number of turns, and outer volume are fixed because the fan load, 
rated speed, and input voltage are constant and the system is compact. The shape of rotor and stator 
pole only can be changed for the design. Therefore the four design variables are selected, which are 
the stator pole arc, the ratio of the stator pole arc, the existence of the dip, and rotor slot depth. 
Analysis models are made by the combination of these variables, and for each analysis model the 
average torque and efficiency are calculated by using a hybrid method combining 2D finite element 
method (FEM) with the voltage equation.  

2D solvers can be used effectively to estimate the magnetic characteristics of general lamination 
geometry, however it cannot be expected to give accurate magnetization curves for SR motors with 
shrot axial length because of the significant influence of end effects [1]. Furthermore the drive 
characteristic also should be considered since the switching states depending on drive are a great 
influence on phase current shapes. Therefore, the end effect is considered when inductance is 
calculated, and the dynamic simulation is accomplished with the consideration of the performance of 
drives. Finally, the accuracy of computation is verified by comparing the result with the experimental 
data of prototype motor. 

As the results of the investigation, an improved asymmetric stator and snail-cam type rotor poles are 
proposed. Comparison of the torque characteristic s of the prototype and the improved motor reveals 
that an asymmetric stator pole and a deeper slot depth of rotor eliminate dead zones, and result in 
higher efficiency. 

 



Analysis Model and Procedur 
 

Fig. 1 shows the configuration of the prototype SRM as a cooling fan motor and its drive. This 
prototype motor has a wide dead zone and a low efficiency because it was designed in disregard of its 
switching state. The falling period of current is very short because of the switch-off voltage, which is 
over 5 times the switch-on voltage. 

 To solve the problems, firstly the converter was redesigned to asymmetric  bridge converter. The 
drive is important to improve motor characteristics because longer falling period of current can 
improve the torque ripple, but it also can raise a reverse torque at the same time. Therefore the motor 
shapes are also changed in consideration of the converter. The motor variables are proposed as shown 
on Fig. 2. The redesign variables are stator pole arc, the ratio of stator pole arc, the existence of the dip 
and rotor slot depth as shown on right side of Fig. 2. The ratio of stator pole arc is the arc1 versus arc2. 
The arc1 is longer side and the dip is on the other side, arc2.  

To improve the torque characters and efficiency, the variables are examined in 4 stages as follows: 
1) Table 1 shows the initial combination of the variables. In this first stage, the switch turn-on angle 

is also considered because the switching angles influence current shape and magnetic characteristics of 
SRM. The base angle 0? is the position that stator and rotor poles are unaligned, and minus means the 
reverse direction to rotation. The big characters ‘S’ and ‘A’ mean symmetric and asymmetric  pole 
shape, and the small characters ‘a’ and ‘b’ mean without and with dip, respectively. The number ‘10’ 
and ‘20’ is the absolute value of switch turn-on angle. Therefore, there are 8 type models in this stage.  

2) In the second stage, the existence of dip and the stator pole arc are decided for 8 type models 
selected in the first stage. The range of the stator pole arc is from 70? to 85? as shown in Table 2. 
According to the general design equations in [1] and [2] the minimum stator pole arc is 90? in the case 
of 4-stator pole and 2-rotor pole SRM, but that is difficult to fabricate. 

3) The ratio of stator pole arc is decided in the third stage. The ratio of symmetric stator pole is 1:1, 
and the ratios of asymmetric stator pole are the others as shown on Table 2. The switch turn-on angle 
is still considered in this stage. 

4) After the decision of stator pole shape and switch turn-on angle in stage 3, the rotor slot depth is 
selected in the last stage. The range of rotor slot depth is from 2 to 8mm as shown on Table 2. 
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Fig. 1 The configuration of prototype drive and motor (left), and the picture (right) 

 

 
Fig. 2 Asymmetric bridge converter (left) and detail configuration of motor (right) 



Table 1 Classification of Stator Pole Shapes 
Symmetric Pole  

(arc1: arc2 = 1 : 1 ) 
Asymmetric Pole  
(arc1: arc2 = 5 :  4 ) 

Switch Turn-
on Angle (? ) 

without dip with dip without dip with dip 
-10 S10a S10b A10a A10b 
-20 S20a S20b A20a A20b 

 
Table 2 Range of Variables 

Stator Pole Arc  (?  ) 70 75 80 85 
Ratio of Stator Pole Arc 1 : 1 9 : 8 5 : 4 3 : 2 
Rotor Slot Depth  (mm) 2 3 4 5 6 7 8 

 
Fig. 3 presents an analysis procedure by 2D FEM to select improved pole shapes. After combining 

the design variables, the linear inductance profiles are calculated at constant current condition to find 
the exact unaligned position. And then, the magnetic performances of the models selected in each 
stage as stated above are calculated from the nonlinear dynamic analysis at constant voltage condition. 
This process helps to evaluate the different structure models and therefore, stator and rotor pole shapes 
can be decided to improve the motor efficiency and eliminate the dead zone. 
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Fig. 3 Analysis  procedure 

 
Analysis Method 

 

Electromagnetic Analysis 

 
The electro-magnetic governing equation of SRM with field variable A is obtained by Maxwell’s 

electromagnetic equation as follows: 

 0
1( )A Jm? ? ? ? ?            (1) 

where J0 is the applied current density, A is the magnetic vector potential and ?  is the magnetic 
permeability. For the analysis of the dynamic characteristics, voltage equation is coupled with (1) and 
then system matrix is obtained by time difference schemes. The method of the Maxwell stress tensor is 
used to calculate the static torque for the range of rotor position and phase excitation. Thus static 
torque is expressed according to the following (2).  



 
s

dT r P S? ???            (2) 

where r is the distance vector of a point to axis rotation. Equation (2) is obtained by the surface 
integration of a stress tensor vector P over an air gap enclosing the rotor surface S. The Maxwell stress 
tensor is given by (3)[3]. 

                        2
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where ?0 is the permeability of free space, n is the normal vector to the surface S, B is the magnetic flux 
density. 

 
End Effect Calculation 

 
From the electromagnetic analysis by 2D FEM, the linkage flux is calculated by difference between 

vector potentials at the both sides of an excited coil. Inductance is obtained by the ratio of the linkage flux 
and exciting current [4], but the results are not accurate because the consideration of axial fringing effect 
is impossible in 2D FEM. For considering the end coil effect, empirical formulations should be 
developed by the equations in [5], [6] and [7]. In this paper, the end effect for the unaligned and 
aligned inductance is calculated by the equation in [7]. 

 
Design and Analysis Results 

 
Analysis and Measurement of Progotype 

 
The comparison of measured and calculated inductance for prototype motor is shown in Table 3. 

The error between the two inductances is under 5%. Fig. 4 shows the currents and torque of the 
machine. The current is obtained by experiment, and these results are compared with those of the 
analysis by FEM. Since the currents aspects coincide, the torque can be expected as shown in the 
lower part of Fig. 4. The efficiency of this motor is about 52.6%, but the dead zone is 16?.  

 

Inductance Profiles of analysis models 

 
Fig. 5 shows the linear inductances of each analysis model, which consists of the variables on Table 

2 and 1. In this figure, the rotor positions are not absolute, and the start point (0?) is where the 
inductance is the minimum. The profiles are different from each other with respect to stator pole arc 
and the existence of dip. But because the saturation is neglected in the magnetic materials, the 
inductance profiles are same for the symmetric  and asymmetric pole shapes, and the inductance of 
symmetric  stator pole are only shown in Fig. 5. The wider pole arc makes the longer increase span and 
the dip makes the sharp drop in the decrease span. 

 
Stator and Rotor Pole Design 

 
Fig. 6 shows the comparison of the effective minimum torque (EMT) and the efficiency of the 

models on Table 1 with respect to the stator pole arc on Table 2. The EMT is the ratio of minimum 
torque to average torque. When this value is greater than zero, there is no dead zone, and the relative 
magnitude makes comparison of torque ripple of each model possible. In the most cases, the existence 
of dip and smaller stator pole arc makes higher EMT and lower efficiency. Fig. 7 shows the results of 
analysis for the ratio of stator pole arc when the stator pole arc is 80? without dip. The EMT and the 
efficiency depend on the ratio of the stator pole and the switch turn-on angle. The highest efficiency is 
obtained when the ratio is 5:4 and switch turn-on angle is –10?. The EMT of this pole shape is also 
greater than zero.  After the decision of stator pole shape and switch turn-on angle, the rotor slot depth 



is selected for the last stage. Fig. 8 shows the average torque, the EMT and the efficiency with rotor 
slot depth. All performances increase until the rotor slot depth is 6mm. From the above investigation, 
the SRM for the cooling fan is redesigned. The configuration and the performances are numerically 
compared with the prototype on Table 4. The efficiency is increased by 2.1% and dead zone is 
eliminated.  The torque profile of redesigned motors is on Fig. 4 and this is graphically compared with 
that of prototype.  

Table 3 Comparison of measured and calculated inductances  of prototype 

Calculated Inductance (mH) 
 

Measured 
Inductance 

(mH) 2D FEM End Effect Sum 
Error 
(%) 

Aligned 173.18 169.07 12.41 181.48 4.79 
Unaligned 79.78 50.86 27.01 77.87 2.39 

 
Table 4 Comparison of prototype and improved model 

 Prototype Improved Model 

Stator Pole Arc (? ) 85 80 
Ratio of Stator Pole Arc 9 : 8 5 : 4 

Existence of Dip  Yes No 
Rotor Slot Depth (mm) 4 6 

Average Torque (kgf-cm) 79.6 83.0 
Efficiency (%) 52.6 54.7 
Dead Zone (? ) 16 0 
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Fig. 4 Current and torque of prototype (left) and improved model (right) 

0 45 90 135 180
0

20

40

60

80

100

Decrease spanIncrease span

     85 o

     80 o

     75 o

     70 o

Rotor position [ o  ]

In
du

ct
an

ce
 [m

H
]

  

 

 

0 45 90 135 180
0

20

40

60

80

100

Decrease spanIncrease span

  85 o

  80 o

  75 o

  70 o

Rotor position [ o  ]

In
du

ct
an

ce
 [m

H
]

  

 

  

(a) Symmetric stator pole with dip   (b) Symmetric stator pole without dip 

Fig. 5 Inductance profiles for rotor position and stator pole arc 
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(a) Effective minimum torque                 (b) Efficiency 

Fig. 6 Effective minimum torque and efficiency with respect to stator pole arc 
 

1:1 9:8 5:4 3:2
48

50

52

54

Switch On = -20 o

Switch On = -10 o

E
ffe

ct
iv

e
M

in
im

um
 T

or
qu

e

 

 

E
ffi

ci
en

cy
 (

%
)

Ratio of Stator Pole Arc

-0.1

0.0

0.1

0.2

0.3

 

Switch On = -20 o

Switch On = -10 o

 

 

 

2 3 4 5 6
52

53

54

55

 

 

 

E
ffi

ci
en

cy
 (

%
)

0.00

0.06

0.12

0.18

 

 

E
ffe

ct
iv

e 
M

in
im

um
 T

or
qu

e 60

70

80

90

Rotor Slot Depth (mm)

 

 

T
or

qu
e

(g
f-

cm
)

 
Fig. 7 Effective minimum torque and efficiency            Fig. 8.  Average torque, effective minimum torque  

with respect to the ratio of stator pole arc    and efficiency with respect to the rotor slot depth 
 

Conclusions 
 

This paper demonstrates the effect of stator and rotor pole shapes on torque characteristics for 2-
phase SRM. The detail trends of the performance according to the various design parameters are 
investigated by 2D time stepping FEM coupled with voltage equations. From the redesigned results, 
the improved motor has an asymmetric stator pole and a snail-cam rotor with deeper slot depth. The 
efficiency of the redesigned motor is higher than the original prototype and the dead zone is 
completely eliminated. 
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