
  

 

Abstract—Due to their robustness, operation from a single 

phase supply and low cost the shaded pole induction motors 

(SPIM) are widely used in very low power industrial applications 

and household appliances. Despite all these advantages the nature 

of their design alleviates some complicated problems in their 

analysis and limits the efforts devoted to their performance 

improvement. In this investigation using Finite Elements Method 

(FEM) an electromagnetic model of a variable air-gap reluctance 

SPM motor is built and the effect of geometrical variations of the 

stator and rotor structures on the performance improvement has 

been studied. To this end the rotor has been designed as single 

cage and double cage with different geometries and different 

types of materials. In addition, the stator is arranged with bridge 

or without bridge and also with the different inter-pole gap in the 

bridgeless motor. Finally effect of all these geometrical variations 

on the motor performance have been studied comparatively. 

 
Keywords— Double cage, Finite element method, Shaded pole 
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I. INTRODUCTION 

SPIMs are widely preferred electric motors in small power 

applications because they are structurally durable, cheap and 

feed from a single-phase network. Although SPIMs are easy to 

produce, they are the most difficult machines to analyze 

theoretically. Since the magnetic field formed in the SPIM is an 

elliptical rotating magnetic field, the analysis of the machine is 

difficult. There is no generally accepted method of modeling 

such motors for their performance analysis. For this reason, a 

small number of studies have been conducted on such motors 

[1]-[4].  

When studies in the literature are examined, Pessina and 

Morra found that the component of the magnetic field rotating 

in the opposite direction of the double short circuit ring motor is 

less and therefore the vibrations in the torque characteristic are 

reduced [5]. Makowski obtained the electromagnetic torque 

value and performance characteristic by considering the 

saturation and skewing of the rotor bars [6]. Zhou and 

Rajanathan conducted studies on the optimization of starting 

torque using 2D finite element analysis. They found that the 

factors affecting the starting torque were rotor-slot-shape and 

stator-pole-shape [7]. Sarac et al. chose a commercially 

available motor model as a reference model and developed two 
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models with maximum efficiency and electromagnetic torque. 

Because of the limit of the same cross section of the stator and 

rotor cores in operation, stator winding and parameters were 

taken into consideration in optimization studies. In addition, the 

fact that SPIM has elliptical rotating field and high space 

harmonics increased the difficulty of analyzing the motor. In 

another study, Sarac reduced the motor losses and increased the 

efficiency value by using soft magnetic material in the motor 

core. In addition, by using GA optimization, Sarac reduced the 

current density in the stator main winding, increased the 

diameter of the conductor, allowing lower resistance, and thus 

increased output power [9].  

In this study, the effect of the stator and rotor structure of the 

variable reluctance SPIM has been examined. For this purpose, 

the motor stator is designed as bridged and bridgeless. Magneto 

static and transient analysis were carried out by determining the 

effect of inter-pole gap value of the bridgeless stator structure 

that is varied from 1 mm to 9 mm with a step of 1 mm. With 

these analyses, the air gap flux distribution, magnetic flux 

densities, torque curves and power losses of the motor have 

been obtained. In the rotor part, the effect of the single cage and 

double cage rotor structure and the performance of the rotor 

bars in the case of aluminum and copper have been obtained by 

FEM analysis. 

II. MODELING OF SPIM FOR FEM 

The design and analysis of electric machines involve the 

resolution of complex and interconnected problems. It is 

possible to construct the desired design and behavior model of 

the machine using approximation methods such as finite 

difference and finite element methods used in the analysis of 

electric machines [10], [11]. The 2D model of the machine 

model is created by using electromagnetic analysis, and the 

analysis of the finite elements is performed. The use of FEM 

provides designers with time and economic benefits. The 

application of FEM to machine design ensures that critical 

design parameters such as core losses, winding inductances and 

induced torque of the machine are determined with very high 

accuracy [12]-[14]. The initial models of SPIM and rotor slot 

measurements are given in the Figure 1. 
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Fig. 1. Initial design of SPIM 

 

The mesh structure of the modeled SPIM is given in the 

Figure 2. The number of elements is higher near the air gap of 

the motor and in the rotor slot tips than in the other places since 

the solution must be made more precise. 

 

 
Fig. 2. Mesh structure. 

 

The magnetic field in electric machines is expressed by 

Maxwell’s equations; 
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In Equation (1), H  is the magnetic field strength (A/m), J  is 

the current density (A/m2), E  is the electric field strength 

(V/m) and B  is the magnetic flux density (Wb/m2). The 

magnetic flux density in terms of magnetic vector potential is 

expressed as in Equation (2) given below; 
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Relation between the magnetic vector potential and current 

density is expressed as given in Equation (3); 
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Here, v  indicates variable permeability as )(HfB   

characteristic of the core material is a nonlinear relation and 

permeability is expressed as 
H

B
v




 . The magnetic flux 

density distribution in the motor designed at first attempt is 

given in Figure 3. 

 

 
Fig. 3. Magnetic flux density distribution 

 

The distribution of the flux density obtained in Figure 3 is 

obtained by the following Equations (4) and (5) [4], [15], [16] 
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Magnetic flux density value is calculated by Equation (5) in 

2D analyses. 

 

22
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xB  shows the component in x-axis direction of magnetic 

flux density and yB  shows the component in y-axis direction 

of magnetic flux density. 

III. THE STATOR AND ROTOR STRUCTURES UNDER STUDY 

The performance of electric machines is influenced by many 

physical parameters of the machine. In asynchronous machines 

the stator and rotor slot numbers and structure change the 

magnetic circuit of the machine, affecting their electrical 

performance [17]. 
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A. Stator Structure with Bridge and Without Bridge 

The shaded-pole motors are designed as bridged and their 

performance is explored in some studies conducted during past 

years [18]. However, the performance of this structure has not 

been compared with the performance of the traditional 

bridgeless structure in detail. For this reason, in this part of the 

study, the bridged and bridgeless structures in the stator section 

of the SPIM have been examined. In bridgeless structure the 

amount of the inter-pole gap was varied in the range 
mmxmm 90   and the analysis were performed with a 

precision of 1 mm. 0 mm here expresses the bridged structure. 

 

X1=0mm
X2=1mm
X3=2mm
X4=3mm
X5=4mm
X6=5mm
X7=6mm
X8=7mm
X9=8mm
X10=9mm

 
Fig. 4. Variation of the inter-pole gap 

B. Single Cage and Double Cage Rotor Structure 

The effects of different slot structures of SPIM on motor 

performance have not been adequately examined in the 

literature. In this study the effects of different rotor slot 

geometries on the motor performance have been examined to 

some details. For this purpose, SPIM's squirrel cage rotor is 

designed in two types as single and double cage with two 

different slot shapes. Another important design parameter of 

SPIM is the use of aluminum or copper type squirrel cage. The 

use of copper is disadvantageous in terms of cost and 

production [19]. Figure 5 shows the designed rotor and squirrel 

cage structures. 

 

 
Fig. 5. Single and double cage structures. 

IV. RESULTS OF ANALYSIS 

In the analysis, the inter-pole gap value in the stator was 

defined as x and was varied with 1 mm precision between 0 

mm (bridgeless) and 9 mm. In the rotor part, rotor slots and 

squirrel cage are designed as single cage and double cage. At 

the same time, analyses were carried out using copper and 

aluminum as squirrel cage material. As a result of the 

conducted study the resulting variation in the efficiency versus 

the amount of inter-pole gap is given in Figure 6. 

 

 
Fig. 6. Variation of efficiency versus amount of inter-pole gap 

 

As expected, rotors with aluminum cage motors have higher 

rotor resistance than copper ones. Hence, their rotor copper 

losses are higher and this leads to lower efficiency. The 

variation of the average value of the air-gap flux density 

obtained on the contour drawn in the air-gap is given in Figure 

7. 

 

 
Fig. 7. Variation of of air gap flux density versus amount of 

inter-pole gap 
 

The amount of flux obtained on the contour was minimal 

since most of the flux completes its cycle over the stator, and 

less flux passes to the rotor in a structure with a bridged stator 

(x=0). The variation of the induced electromagnetic torque 

versus the amount of inter-pole gap, for a constant slip value of 

0.14 is given in Figure 8. 
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Fig. 8. Variation in torque versus inter-pole gap (Slip=0.14) 

 

When the results are examined, it is seen that both the torque 

value and the efficiency value are lower in the motors with 

bridged stator structure than the bridgeless ones. The highest 

efficiency value (31.1%) was obtained with a single cage 

copper rotor motor at an inter-pole gap value of 1 mm. The 

highest torque value was obtained with a single cage aluminum 

rotor motor at an inter-pole gap value of 3 mm. 

V. CONCLUSION 

In this study, the effect of stator and rotor structure of SPIM 

with variable reluctance on the motor performance was 

examined. For this purpose, the stator is designed in bridged 

and bridgeless structures. The amount of inter-pole gap is 

expressed in terms of variable x and its effect on the motor 

performance was examined by varying x between 0 mm and 9 

mm with a 1 mm precision. In addition, the rotor structure is 

designed as single cage and double cage structures. Copper and 

aluminum materials with different conductivity values were 

used as squirrel cage material. The air-gap flux density, torque 

value, power loss and efficiency values of the motor were 

obtained by 2D Finite Element analysis. The results of the 

analysis have shown that the motor with single cage copper 

rotator has a higher efficiency than the other motor structures at 

each x value of the bridgeless stators and bridged stator. When 

it was evaluated in terms of torque, more torque is obtained in 

motors with aluminum squirrel cage rotors than in copper rotor 

motors. The amount of air-gap flux density transferred to the 

rotor is less than other structures because most of the flux in the 

bridged type structure completes its cycle over the bridge and 

stator core instead of going through the rotor. As a result, the 

torque value induced in the bridged type motors is lower.  
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