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Abstract 
 
This thesis has been done in the Electromechanics group of Department of Electrical 

Engineering, Aalto University as part of the motor design and electromechanics 

research. The project is centered on the design of synchronous reluctance motors and 

study on how this motor can be used for household applications. The design and 

simulation were carried out by using extensive finite element analysis with FCSMEK 

developed in the Helsinki University of Technology. The purpose was to create a motor 

with cheaper cost and having good performance parameters.  

The main concentration in the work was on the design part, especially the rotor design, 

as minute design elements have considerable effect on the performance of the motor. 

The optimization process of the rotor design has given results on the effect of some 

geometrical parameters in the motor design technology. A 300 W motor is designed 

and a thermal model was prepared using Lumped Thermal Networking method. The 

motor has good efficiency and low losses with good torque characteristics. A study on 

the comparison of the synchronous reluctance motor with induction motor has been 

done in order to justify the performance of the motor and the feasibility of using this 

type of motor for household applications.  

 
Keywords: Electrical Machines, Synchronous Reluctance Motor, Saliency Ratio, flux 
barrier, FEM (Finite Element Analysis), Thermal Modelling 
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1. Introduction 

1.1 Objective 

The aim of the project is to study how the Synchronous Reluctance Motor meets the 

requirements of the household applications. In order to study this, a 300 Watts 10000 

rpm radial flux synchronous reluctance motor has to be designed. The electromagnetic 

characteristics are obtained from a Finite element model and the temperature rise is 

estimated using a thermal/network model. 

1.2 Motivation behind the Project 

Electric motors are used in wide range of applications in households and industries. In 

European Union, about 40% of the electric power produced is consumed by electric 

motors. In household applications, low power variable speed drives are used 

extensively. Most of those motors are of induction type with efficiency of 70 to 80 

percentages. The efficiency level and performance can be enhanced with the use of 

permanent magnet motors. But, the cost of the permanent magnet materials is shooting 

up and hence permanent magnet motors are not an economic alternative to substitute 

with induction motors. At this juncture, an interest and focus on Synchronous reluctance 

motor (SRM) has been come up. The synchronous motor was invented in 1920s, 

however due to low efficiency and torque characteristics, these machines were not 

developed as industrial products. With the development of modern variable speed drives 

and power electronics converters, the operation of synchronous reluctance motors has 

been improved and optimized for various applications.  

Synchronous Reluctance Motor has got a mounting attention in current times, as it has 

got low-priced construction, flux-weakening capability, high power density, “cold 

rotor” benefit, etc.  When the application requires constant-torque performance, like the 

case in servo drives, Permanent Magnet synchronous motor is commonly adopted. 

Though high torque per volume can be obtained, the motor is quite expensive due to 

high cost of magnet materials. If the requirement is constant-power operation, as in the 

case of spindle drives, the field oriented controlled induction motor gives the requisite 

performance. It can be effectively used in flux-weakening, but its torque per volume is 

much lower than that of the PM motor. The synchronous reluctance motor is a possible 

solution for both of the above applications, both constant torque and constant power 

behaviors. 
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2. Synchronous Reluctance Motor 

2.1 Basic Theory 

The rotor of the SRM consists of direct axis where the reluctance is least and quadrature 

axis where the magnetic reluctance is high. When power is applied, the rotor rotates and 

attempts to align the magnetically conducting direction to the stator field and thus 

torque is produced. The figure 2.1 [16] shows the direct and quadrature axis of an SRM. 

 

Figure 2.1 Direct and quadrature axis of the rotor 

The strength of the torque produced is directly proportional to the Saliency Ratio, i.e. 

the ratio of direct axis inductance and quadrature axis inductance. The torque can be 

expressed as [8], 

 
  

 

 

 

 
 (             ) ((2.1) 

                                       

                                         and P is the number of poles 

Under normal steady state conditions, the rotor currents are zero. 
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Where                                         . 

Then,  

 
  

 

 

 

 
(       )        ((2.4) 

In general, Lds and Lqs contain both leakage and magnetizing components. 
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Now,  
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((2.7) 

2.2 Vector Diagram 

The vectors of the SRM [4] in the normal state are shown in figure 2.2 

 

Figure 2.2 Vector diagram of SRM 

               

 

((2.8) 

               ((2.9) 
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    (     )     

 
 

 
        

 
       

 

((2.10) 

Va – Armature voltage vector 

Ψ – Interlinkage flux vector 

Ra – Armature winding resistance 

ia – Armature current vector 

α – Current phase 

Vd, Vq – d and q axis components of armature voltage 

Ld, Lq – d and q axis inductances 

id, iq – d and q axis currents 

ω – Angular velocity 

T – Torque 

P – Number of poles 

2.3 Equivalent Circuit 

Figure 2.3 shows simple equivalent circuit of the synchronous reluctance motor [4]. 

 

 

     Figure 2.3 Equivalent circuits of SRM in the d and q axis reference frames 
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3. Comparison with Induction Motor 

3.1 Torque Ratio 

The induction motor torque expression is [8], 

 
   

 

 

 

 

  
  

           

 

((3.1) 

Now, the performance of SRM compared to induction motor can be evaluated by taking 

the torque ratio, 

     
  

 
         

  
  

  
 

 

                                 

   

  
(  
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( 

 

 

(3.2) 

Thus the torque ratio depends on, 

 The saliency ratio Lmd/Lmq 

 The ratio of the SRM d-axis magnetizing inductance expressed as a fraction of 

the corresponding induction motor magnetizing inductance, Lmd/Lm 

 The induction motor magnetizing to total rotor inductance ratio Lm/Lr 

Normally, the induction motor magnetizing reactance is in the range 1.0 to 2.0 per 

unit and the rotor leakage reactance is in the range 0.07 to 0.1. Then Lm/Lr becomes 

approximately 0.95. If we consider the same air-gap length for the two machines, 

the ratio Lmd/Lm then depends on the width of the rotor pole or pole arc of the 

reluctance machine relative to the pole pitch of the stator poles of the two motors. 

From [8], the relevant equation is given by, 
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((3.3) 

                           

If we use a very conservative value of 120 degrees or (2π/3) radians, 
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((3.4) 

  

   

  
      

 

((3.5) 

 

                              
    
  

 
       

 
 
 

    
         

      

 

((3.6) 

3.2 Power Loss Ratio 

If we consider the case of copper loss only, as the iron loss is less compared to it, the 

power loss in the SRM can be expressed as, 

 
     

 

 
      

 

((3.7) 

 The induction motor losses are,    
 

 
              

 

((3.8) 

If the motor is loaded to run in rated current, the stator and rotor currents are nearly 

equal, then they can be considered as equal. Also, rotor resistance is equal to 0.75 to 

1.25 times the stator resistance, and theses resistances can be considered as equal. 

Now, 

     
  

     

 

((3.9) 

From the torque and power loss ratio, it can be inferred that, the synchronous reluctance 

motor produces about 80% of the torque that of the induction motor, while the SRM has 

only half of the power losses compared to the induction motor. 
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3.3 Motor comparison at the same power loss 

From the equations 3.6 and 3.9,  

Here, the following equation is obtained, 

  

 
            

 

 
                  

 

((3.10) 

From the studies and experimental results by A.Boglietti [9], the relation between 

currents has been found to be,  

                

 

((3.11) 

Now, 

 
                         

    
  

      ((3.12) 

Thus, with the same dissipated power, ie. with the same stator winding temperature, 

synchronous reluctance motor can produce a higher torque than the induction motor. 
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4. Development History 

4.1 Evolution of SRM Designs 

The saliency ratio ξ has the major role in the performance of the motor and most of the 

other parameters are dependent on the same. The design ventures aiming to achieve 

high ξ were by providing flux guides for d axis flux to get high Ld and putting flux 

barriers to q axis for lowering Lq [1]. Some researchers like Miller, Cruickshank have 

recognized the potential of reluctance motors in their work, but due to the lack of field 

oriented controllers they could not achieve it in practice.  

a b  

c d  

e   f     

Figure 4.1 Evolution of synchronous reluctance rotor design [1] 
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The figure 4.1 shows the evolution of various rotor designs, in which Figs a and b 

represents the salient pole designs, Figs c and d show the single barrier rotor and Figs e 

and f are multiple barrier designs. 

The salient pole type design is achieved by removal of material from a conventional 

induction motor, by punching before or milling after casting the cage. The saliency ratio 

of this kind of machine is very small and hence the performance also is poor. The 

second type of salient pole design like a conventional salient pole synchronous motor 

with windings removed, developed by Lee, Hassan and Osheiba also has not met 

saliency ratio more than 4. 

The single barrier construction also could not achieve the required saliency ratio. In 

1923, Kostko [3] has constructed a multiple barrier design as shown in Fig. e and f, in 

which the interpolar cutout is widened to decrease the q axis inductance, the pole arc is 

then narrowed and results in an unwanted reduction in Ld. Kostko analyzed that, 

multiple barrier design involves no sacrifice of pole arc in the d axis, and hence it is the 

natural way to make a synchronous reluctance motor. Researchers after Kostko, 

developed the geometry along two major ways, the segmental geometry as shown in Fig 

f and the axially laminated geometry Fig. 4.2 b, below. 

a            b  

Fig 4.2 First type of transversely laminated anisotropy type  

and its modern version [3] 
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5. Motor Design 

5.1 Design Process 

The design was done through simulations using the finite element program FCSMEK 

developed in the Laboratory of Electromechanics of Helsinki University of Technology. 

FCSMEK is a powerful program package for finite element analysis of synchronous or 

asynchronous radial flux machines.  

The finite element analysis process is done in three stages in FCSMEK. First step is to 

create a finite element mesh, based on information about dimensions and parameters of 

the electrical machine. Second, an initial state for time-stepping analysis is solved using 

a DC solution. And finally, the time-stepping analysis is performed. 

The objective was to develop a 300 W, 10000 rpm Synchronous reluctance motor. As 

far as the SRM design is considered, the design constraints are mainly the rotor 

parameters like the size, shape and number of flux barriers, the outer layer size, etc. 

Initially a plain rotor was created without any barrier and then the optimization has been 

done by performing extensive finite element simulation using different design 

parameters.   

 

5.2 Design Parameters 

5.2 a. Number of Flux barriers 

The number of flux barriers has significant effect on the characteristics of SRM. During 

the design process, simulations have been done with different numbers of flux barriers 

in the rotor. It has been found out that, the output torque tends to increase with the 

increase in number of flux barriers. Besides, torque ripple decreased with increase in 

barriers. It was learned that, the increase in torque was saturated at a flux barrier number 

of six. Hence, in the rotor design optimization, the minimum number of flux barriers has 

been set as six. The Figure 5.1 shows the relation between output torque and number of 

flux barriers.  

The q axis inductance Lq decreases up until four layers while the d axis inductance Ld 

increases till six layers and as a result the difference Ld-Lq which affects the torque has 

the same value for six layers and more. This is shown in Figure 5.1. 
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Figure 5.1 Relation between number of flux barriers and torque 

 

 

Figure 5.2 Relationship of Number of flux barriers and Inductance 

 

5.2 b. Ratio of Insulation or flux barrier to iron rib width (Kw) 

The studies regarding the rotor design optimization done by T.A. Lipo [5], two key 

variables in rotor construction are Wiron or the width of rotor segment or iron sheet and 

Wins or the flux barrier or insulation width. The sum of n(Wiron+Wins) is chosen as equal 

to the width of one stator tooth to limit the pulsating fluxes in stator teeth.  
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Simulations have been done for various values of Kw, and it has been realized that, if the 

value of Kw is 0.5, it is possible to obtain high motor torque index Ld – Lq and Saliency 

Ratio. Thus 0.5 is chosen as an optimal value for Kw by considering the above results 

and constructional aspects. The figures 5.3 and 5.4 show the relation between Kw and 

motor torque index and with the saliency ratio. 

 

Figure 5.3 Relation between Kw and Saliency Ratio 

 

 

Figure 5.4 Simulated relationship between Kw and Ld - Lq 

5.2 c. Stator configuration 

In the design process, the d and q axis inductances and saliency ratio are independent of 

stator configuration. The figure 5.5 [5] pertaining to the effect of stator slot number 

shows that, the Ld – Lq characteristics are independent of the stator configuration. The 

number of slots has very little effect on saliency ratio and motor torque index. 
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Figure 5.5 Relation between Ld-Lq and Kw 

5.3 Final Design 

From the results of the structural optimization techniques, a final design was done for a 

300 W motor using FCSMEK. Some of the main parameters of the machine are given in 

table 5.1. The data file used in the FCSMEK program cim.data is given in Appendix A. 

The different dimensions of the rotor pole and stator slot are given in Appendix B. The 

finite element mesh is given in Appendix D. 

Table 5.1 Motor Specifications 

Outer Diameter of stator 

Inner diameter of stator 

Outer diameter of rotor 

Shaft diameter 

Number of stator slots 

 

50.5 mm 

30.8 mm 

30.5 mm 

4.10 mm 

24 

Stack Length 

Number of poles 

Rated Output 

Rated voltage 

Rated torque 

Rated speed 

51 mm 

4 

300 W 

400 V 

0.3 Nm 

10000 rpm 

 

The time stepping analysis gives information about the losses of the motor. It has been 

shown that, the total electromagnetic loss is about 66 W. The losses data file is given in 

Appendix C. The motor has got an electrical efficiency of 83%. 

5.4. Simulation Results 

The flux density distribution of the motor is shown in figure 5.6. Figures 5.7, 5.8 and 

5.9 shows the voltage, current and airgap torque plotting of the motor. The distribution 

of iron, resistive and total losses are shown in figures 5.10, 5.11 and 5.12.  
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Figure 5.6 Flux density distribution in the rotor 

 

Figure5.7 Line Voltage 

 

Figure 5.8 Line current 
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Figure 5.9 Air-gap torque 

      

Figure 5.10 Iron loss distribution Figure 5.11 Distribution of resistive losses 

 

Figure 5.12 Total losses distribution 
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6. THERMAL MODELLING 

In the process of design and optimization of electrical machines, thermal analysis is an 

integral part. In order to increase the energy efficiency and to reduce the cost and size of 

the machine, it is important to analyze the thermal behavior of the machine. Also, it 

facilitates the utilization of new materials and topologies in machine construction. 

Here in this project, the thermal modeling was done using the references from works 

done by J. Saari, M. Kaltenbacher [10], Mohamad M. [11] and P.H Mellor [13].  

In electrical motors, the electrical and mechanical losses cause the production of heat 

and in general, the heat flows from inner to the outer part of the machine. There are 

three modes by means of which heat can be transferred. Those are, 

Heat Conduction 

Heat Convection 

Heat Radiation 

6.1 Conduction 

When there is a temperature gradient in a body, energy transfer occurs in it from high-

temperature to low-temperature region. The heat transfer takes place by means of 

molecular collisions and vibrations. This mode of heat transfer is called conduction and 

which is the most considerable means of heat transfer within a solid or between solids. 

According to Fourier Law, the heat transfer is given by, 

   

  
     

  

  
 

 

((6.1) 

where A(m
2
) is the cross sectional area, λ(W/m.K) is the thermal conductivity of the 

material and dT/dx is the temperature gradient in the material. 

 The one dimensional thermal resistance between two points can be calculated by, 

 
     

 

  
 ((6.2) 

If the material is cylindrical in shape and it is assumed that there is only radial heat 

transfer.  
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Then, 

 
     

         

   
  ((6.3) 

where   is the angle of the sector and    and    are the outer and inner radius of the 

cylinder in meters. 

6.2 Convection 

Thermal convection is the heat transfer from one place to another by movement of 

fluids or the the heat transfer between a surface and  a fluid when there is a temperature 

gradient. Convection can be free or forced. When fluid motion is caused naturally by 

bouyancy forces and density variations in the fluid, it is callef free convection. When 

the fluid is forced to flow by means of external forces like a fan, it is then forces 

convection.  

Heat exchange due to convection is given by, 

              

 

((6.4) 

where h (W/m
2 

.K) is  the heat transfer coeffiecient. It depends on the physical 

characterisitcs of the surface and the fluid.  

Tenv is the temperature of the environment. 

 T is the temperature of the solid. 

The thermal resistance for convection is given by, 

 
     

 

  
 ((6.5) 

6.3 Radiation 

Thermal radiation is the heat dissipation to the environment by means of 

electromagnetic radiation. If the temperature is greater than absolute zero, all matters 

emits radiation. 
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The heat dissipation can be calculated by 

         
      

    ((6.6) 

where   is Stefan-Boltzmann constant    = 5.67*10
-8

 W/m
2
 . K

4
 ) and   is the surface 

emissivity (       ). Ts and Tamb are the surface and ambient temperature 

respectively. 

Here, the thermal resistance to the suroundings is, 

 
    

        

   (  
      

 )
   ((6.7) 

6.4 Lumped Thermal Model 

A lumped parameter thermal network for the synchronous reluctance motor under study 

is shown in figure 6.11. The methods behind the calculation of these thermal resistances 

are explained in the subsequent sections. 
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6.5 Models of the Machine parts 

6.5 a. Frame 

The frame can be divided into five parts for thermal modeling. Those are endcap frame 

NDE (Non Drive End), ribbed frame over endcap air NDE, ribbed frame over stator 

yoke, ribbed frame over endcap air DE (Drive End) and endcap frame DE.  

The thermal resistances and corresponding heat flows are given below 

R1 – Heat flow from the ribbed frame over endcap air to ambient at DE 

R3 - Heat flow from the ribbed frame over endcap air to ambient at NDE 

R2 – Heat flow from the ribbed stator surface frame to ambient 

R11, R18 – Axial heat flow between single parts 

R12 – Heat flow from endcap frame DE to ambient 

R13 - Heat flow from endcap frame NDE to ambient 

R4 – Thermal contact between stator yoke and frame 

 
     

 

 
                     

        

 

 

((6.8) 

 
     

 

 
                     

        

 

 

((6.9) 

 
     

 

 
                        

        

 

 

((6.10) 

 
    

     
          

 

 

((6.11) 

 
         

 

      
   

             

     
 

 

((6.12) 

 
     

            

     
  

 

((6.13) 

 
    

 

       
 ((6.14) 
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((6.15) 

 
   

 

      
 

 

((6.16) 

 
     

 

 
   

 

((6.17) 

 
     

 

 
   

 

 
    

 

 
   

 

((6.18) 

 
     

 

 
   

 

((6.19) 

 
    

     
          

 

 

((6.20) 

 
    

 

 
     

 

 
                                    

 

((6.21) 

 
    

 

 
   

 

 
   

 

((6.22) 

 
    

 

 
   

 

((6.23) 

 
    

 

 
    ((6.24) 

λf - Specific thermal conductivity of frame 

hc1- Heat contact coefficient between stator yoke and frame 

hc2- Heat contact coefficient between frame middle and endcap frame 

hf1- Heat contact coefficient from endcap frame NDE to ambient 

hf2- Heat contact coefficient from ribbed frame over endcap air NDE to ambient 

hf3- Heat contact coefficient from ribbed frame over stator core to ambient 

hf4- Heat contact coefficient from ribbed frame over endcap air DE to ambient 

hf5- Heat contact coefficient from endcap air DE to ambient 

k – Stacking factor                  Lfe – Effective length of stator core  

L1 - Length of rib over endcap air        ar – Thickness of frame rib 

br – Height of frame rib                        Dso – Outer diameter of stator yoke 
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Ds – Diameter of shaft 

Sf1 – surface of frame between the ribs over endcap air 

Sf2 – surface area of frame between the ribs over stator core 

Syo – outer surface area of stator yoke SfN  - frame surface area of endcap frame NDE 

SfD  - frame surface area of endcap frame DE 

Af  - cross sectional area of frame              Ar – cross sectional area of ribs 

6.5 b. Stator Yoke 

 

Figure 6.2 Stator Yoke shape 

The equivalent thermal resistance of the stator yoke can be calculated using the formula, 

but considering the geometry given in figure 6.2, the resistance can be determined by, 

 
       

                  

       
 ((6.25) 

where, rso and rsi are the outer and inner diameter of the stator. 

6.5 c. Stator Teeth 

The geometry of the tooth is such that the area of the tooth varies with height. Hence, 

the corresponding thermal resistance needs to be integrated. 
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Figure 6.3 Shape of stator teeth 

 

    ∫
 

              

 

 

    

 

((6.26) 

Qs -Number of stator slots 

The integration can be made over half the tooth and divide the final result by two. 

 
    

 

          
[
   
  

 
   

     
  
  
  

 
   

     
  
  
  

    ]  

 

((6.27) 

where, 

 
     

   
     

 [ 
 

 
  

 

√    
      (

 

√    
)] 

 

((6.28) 

The derivation for equation is given in Appendix E. 

6.5 d. Stator Winding 

The stator slot shape can be transformed into a rectangle in order to calculate the 

thermal resistance. 
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                a. Real slot area                               b. Equivalent slot area 

Figure 6.4 Stator winding dimensions 

 

dA – equivalent height of the air between the insulation and teeth and given to be around 

0.3 mm [12] 

dI – length of the insulation 

         
 

((6.29) 

 
  

         
 

    

 

((6.30) 

 
  

   

         
    

 

 

((6.31) 

Inside the winding area, the heat dissipation can be calculated by, 

 
     

 

   
 

 

((6.32) 

 
     

 

   
 

 

((6.33) 

where, λs – equivalent slot thermal conductivity, and which is dependent on the fill 

factor of the machine as per the figure 6.5 [12] 
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         Figure 6.5 Relation between fill factor and thermal conductivity 

When the insulation material and air film are taken into consideration, the heat 

dissipation is given by, 

 
     

  

   
 

  
   

 

 

((6.34) 

 
     

  

   
 

  
   

 

 

((6.35) 

The above for equations are arranged together, then,  

 
    

 

 
     

   

 
  

 

((6.36) 

 
    

 

 
     

   

 
  

 

((6.37) 

Then finally, the thermal resistance of the winding can be calculated by, 

 
   

    

   (     )
    

      

       
   ((6.38) 

6.5 e. End Winding 

The thermal resistance of the end winding can be calculated using the formula [12], 

 
     

   
            

 ((6.39) 



 

26 
 

 

lav – Half of the average length of the coil 

This length can be approximately calculated as, 

                      

 
((6.40) 

where,                                                               

6.5 f. Air Gap 

The thermal resistance in the air gap can be divided into three resistances, which are the 

resistances from the rotor surface to the air gap, from the air gap to the stator teeth and 

from the air gap to the stator winding. 

Resistance from air gap to stator teeth is, 

 
   

 

            
 

 

((6.41) 

Resistance from air gap to the stator winding is, 

 
   

 

       
    
 

  

 

 

((6.42) 

Resistance from rotor surface to the air gap is, 

 
    

 

           
 

 

((6.43) 

Where, hag is the heat transfer coefficient between stator and rotor and ast is the width of 

stator tooth. aso – slot opening width, rro - outer radius of rotor 

6.5 g. Rotor 

The thermal resistance of the rotor Rr is calculated according to the theory and 

principles by [14]. In SRM, there are flux barriers of air in the rotor. As per the 

Computational Fluid Dynamics (CFD) studies done by [15], there is no air flow from 

one side to the other side of the rotor. Hence, there is heat transfer through natural 

conduction only. Compared to the air in the flux barriers, the thermal conductivity of 

rotor iron is much higher, and hence the convectional heat transfer can be neglected.  
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Figure 6.6 Rotor parameters dimensioning 

 

Figure 6.7 Thermal resistances of rotor portions 
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The figure 6.6 depicts the principle behind the calculation of rotor thermal resistance. 

For resistances from R2 to R9, the thermal resistance can be calculated using the 

equation 6.2 for one dimensional resistance between two points, 

 
     

 

  
 ((6.44) 

While the resistances R1 and R10 to R14 are calculated by equation 6.3, 

 
     

         

   
 ((6.45) 

6.5 h. Shaft  

The thermal resistance of the shaft can be calculated using the equation 

 
     

   
        

 

 

((6.46) 

lsh – Length of the shaft from one bearing to the other 

rsh – Outer radius of the shaft 

λsh – Thermal conductivity of the shaft 
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6.6 Convection Heat Transfer 

6.6 a. Internal Air to Frame 

According to [11] and [12], the heater transfer from the air inside the motor to the inside 

frame area can be calculated using the formula, 

 
     

 

    
 

 

A1- Area exposed to the internal air 

 

((6.47) 

          
                     

 
((6.48) 

where the heat transfer coefficient     is given by, 

 
          (

 

  
   )

    

  

 

((6.49) 

α represents both conduction and convection.  

where,  

                           and   is the velocity in meter per second. 

              

                 

                       
 

  
     

     

 

((6.50) 

                        

    -  Rotor outer radius 

    - Shaft length 

    - Stack length 

6.6 b. Internal Air to Rotor 

As per [12], the heat transfer due to convection between internal air and rotor wings can 

be calculated using the empirical relation, 

 
     

 

    
 

 

((6.51) 

Where, 

         (
 

  
   )
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                                     Figure 6.8 Area of the Rotor wings 

                          

The area                         
  

 
    

     
 

 

 

((6.52) 

where, hfin (m) and bfin (m) are the height and width of the rotor fins 

ηfin-Number of fins   rδ(m) – Average airgap length 

6.6 c. End winding to internal air 

The space between the end windings and the internal air has got a thermal resistance 

which can be calculated by, 

 
     

 

    
 

 

((6.53) 

 
           ( 

 

  
   )

   

 

 

((6.54) 

                    

 
((6.55) 

Different areas are portrayed in Figure 6.9 

                   
 

((6.56) 

              

 
((6.57) 

              

 
(6.58) 

                  
 

((6.59) 

             
 
   ((6.60) 
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Figure 6.9 Calculation of end winding surface area 

 

6.7 Thermal Analysis Results 

6.7 a. Losses and Thermal Resistances in major parts of the motor 

Stator Losses 

Pyoke                 = 10.18 W 

Pteeth                 = 9.93 W 

Pwinding           =33.2 W 

 

Rotor Loss 

Pyoke                 = 11.46 W 

 

6.7 b. Thermal resistances (K/W) from the lumped parameter thermal modeling 

Stator Yoke      Ryoke       = 0.017 

Stator teeth      Rteeth         = 0.018 

Stator winding Rw             = 0.155 

Enwinding       Rew           = 0.062 

Rotor               Rr               = 0.492 

Shaft               Rsh               = 0.232 

Frame   Rfr               = 0.126 
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6.7 c. The resistances inside the stator and rotor body 

                     Table 6.1 Thermal Resistances 
 

R1          =0.044 

R2         =0.251 

R3         =0.034 

R4             =0.072 

R5             =0.080 

R6             =0.061 

R7             =0.027 

R8             =0.650 

R9             =0.700 

 

R10           =0.712 

R11           =0.031 

R12           =0.512 

R13           =0.532 

R14           =0.125 

R15           =0.362 

R16           =0.004 

R17           =0.041 

R18           =0.082 

                         

The thermal conductivities and heat transfer coefficients used in the calculations are 

given below: 

Steel λ=52 W/mK 

Stator Slot λ=4.5 W/mK 

Copper λ=370 W/mK 

Air λ=0.028 W/mK 

Aluminium λ=240 W/mK 

Heat transfer coefficient between stator and rotor hag= 100 W/m
2
K 

Heat transfer coefficient from stator yoke to frame hc1 = 30 W/m
2
K 

Heat transfer coefficient from end cap air to ambient hf5=200 W/m
2
K 

 

The thermal network can be solved by setting up equation in accordance with Kirchhoff 

Current Law (KCL). 

 

Figure 6.10 Heat flow 

 

 

Now, 
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The values of temperature rise in some of the parts are given below: 

Rotor                        = 35.5°C 

Stator teeth         = 48.5°C 

Stator yoke         =41.6°C 

Stator winding    =64.1°C 
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7. Project Outcome 

7. 1. Results and Conclusion 

The major aim of the project has been met by conducting a detailed study on the 

features and performance of high speed low power synchronous reluctance motor and 

analyzed how it suits the needs of household applications. Besides, some of the design 

parameters and their effect on motor performance have been identified by doing finite 

element analysis and simulation experiments.  

From the project work, it has been found out that, Synchronous reluctance motors are 

feasible alternative for induction motors while performance is considered and also, 

SRMs can be put in place of permanent magnet motors where cost effectiveness is a 

matter of concern. One of the main features of the SRM is the reduced losses when 

compared to induction motors and also, low temperature rise while operation. 

7.2. Future Work 

The project has been done in simulation level experiments and analytical calculations. 

There has been no practical manufacturing or testing of the machine under study. For 

accurate analysis of machine operational parameters, performance and thermal 

behavior, practical testing has to be carried out. Some of the subsequent works in this 

project are, 

 Constructing prototypes of the motor in order to compare the performance with 

Induction and Permanent magnet motors and to estimate the temperature rise, by 

doing laboratory testing. 

 Modification of stator design according to the rotor structure to get the optimum 

torque by considering the aspects of frequency converter also comes under the 

research.  

 To develop energy efficiency design and optimization algorithms for 

Synchronous Reluctance Motor and to build Finite Element Models for different 

rotor designs. 

 To find out possible ways to reduce the torque ripple and fault effect analysis of 

the motor under various operation conditions are other areas. 
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Appendix A 

Napa 51                                              Version 2.0 

  

       1              Machine type 

       4              Number of poles 

      350.            Frequency of the supply voltage 

 

       0.051          Effective (airgap) length of the machine 

       0.050          Length of the stator core 

       0.050          Length of the rotor core 

       0.             Length of the permanent magnets 

 

     50.50E-03        Outer diameter of the stator core 

     30.80E-03        Inner diameter of the stator core 

       0              Index for the frame 

       4              Index for the shape of stator slots 

      24              Number of stator slots 

 

       7.07E-03       H1   (Dimensions of the stator slots; 

       1.00E-03       H11   see the maps of the slots) 

       0.0            H12 

       3.90E-03       H13 

       0.0            H14 

       0.0            H15 

       1.10E-03       B11 

       2.80E-03       B12 

       3.80E-03       B13 

       0.0            B14 

       0.0            B15   

 

      30.50E-03       Outer diameter of the rotor core 

       4.10E-03       Inner diameter of the rotor core 

       0.50           Moment of inertia of the rotor 

      51              Index for the shape of rotor poles 

       0              Index for the shape of damping bars 

       6              Number of damping bars per pole 

       0              Number of slots for the field winding 

       0              Every second pole-shoe is a mirror image? 

(0=No, 1=Yes) 

 

       2.08E-03       H0   (Dimensions of the rotor pole;  

       0.0            H01   see the maps of the poles) 

       0.0            H02 

       0.0            H03 

       0.0            H04 

       0.0            H05 

       0.87E-03       B01 

       0.45E-03       B02 

       0.86E-03       B03 

       0.0            B04 

       0.0            B05 

 

       0.0            H2   (Dimensions of the damping bars; 

       0.0            H21   see the maps of the bars) 

       0.0            H22 

       0.0            H23 

       0.0            H24 

       0.0            H25 
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       0.0            B21 

       0.0            B22 

       0.0            B23 

       0.0            B24 

       0.0            B25 

 

       3              Material index for the stator core 

       0              Material index for the stator slot wedges 

       3              Material index for the rotor pole shoes 

       0              Material index for the opening of the damping 

bars 

       3              Material index for the rotor ring 

       1              Material index for the centre of the rotor 

      11              Material index for the stator coils 

       0              Material index for the damping bars 

 

       3              Number of phases 

       1              Number of parallel paths in stator winding 

      90              Number of conductors in a stator slot 

       1              Number of layers of the stator winding 

      12              Coil pitch in slot pitches 

      18.626          Resistance of a stator phase 

       1.662          End-winding reactance of a stator phase at 50 

Hz 

      22.             Temperature associated with the resistance 

(C) 

 

       0.320          Half of the average length of a coil 

       0.6            Filling factor of a stator slot 

       0.       H40  (Parameters of stator end winding) 

       0.       H41 

       0.             H42 

       0.             H43 

 

       0              Number of parallel paths in field winding 

       0.             Turns per pole in the field winding  

       0.             Resistance of the field winding 

       0.             End-winding reactance of the field winding at 

50 Hz 

       0.             Temperature associated with the resistance 

(C) 

 

       0.             Average length of a turn in the field winding 

       0.             Wide of a conductor in the field winding 

       0.             Height of a conductor in the field winding 

       0.             H50 (Parameters of the field winding) 

       0.             H51 

       0.             H52 

       0.             Cross-sectional area of the end-ring 

       0.             Radial height of the end-ring 

       0.             Average diameter of the end-ring 

       0.             Length of the rotor bars outside the core 

(one end 

       0.             Skew of rotor slots in stator slot pitches 

 

       0              Additional parameters (Integers) 

 

       0.             Additional parameters (Real numbers) 
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Appendix B 

 

Figure B.1 Stator slot parameters 
 

 

 

 

 

Figure B.2 Rotor Pole 
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Appendix C 
  

Napa 51                                 

 

 

    *********   Effective and average values   ********* 

    **************************************************** 

   

    Integration period from     51.43 ms  to    57.14  ms 

   

 

    E.M.F. of the line                         400.00  V 

    Supply frequency                           350.00  Hz 

 

    Connection                                   STAR 

    Terminal voltage                           400.00  V 

     - fundamental harmonic                    400.00  V 

     - peak  value                             564.91  V 

    Terminal current                             0.70  A 

     - fundamental harmonic                      0.69  A 

     - peak value                                0.97  A 

    Power factor                               0.6490 

     - displacement factor                     0.6624  Ind. 

 

    Slip                                        0.000  % 

    Rotational speed                         10500.00  rpm 

    Air-gap torque                            283.183  Nmm 

    Shaft power                                311.38  W 

    Air-gap flux density                        0.484  T 

 

    Stator temperature                           80.0  C 

    Current density in a stator slot             3.36  A/mm**2 

    Resistive losses in the st. winding         33.20  W 

     - core region (d.c. resistance)             5.29  W 

     - core region (skin-effect)                 0.03  W 

     - end windings                             27.88  W 

    Core losses in the stator                   20.97  W 

     - yoke                                     10.18  W 

     - teeth                                     9.93  W 

     - tooth tips                                0.86  W 

 

    Rotor temperature                            80.0  C 

    Total resistive loss of the rotor            0.00  W 

    Resistive losses in other rotor parts        0.00  W 

    Core losses in the rotor                    11.46  W 

     - yoke                                     11.46  W 

     - teeth                                     0.00  W 

     - tooth tips                                0.00  W 

   

 

    Stator losses                               54.16  W 

    Rotor losses                                11.46  W 

    Total electromagnetic loss                  65.62  W 
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Appendix D 

 

 

 
 

 
 

 



 

42 
 

Appendix E 

 
Thermal Resistance of Stator Teeth [11] 

 

This derivation has been done from the reference of [11] . 

 

The thermal resistance is required to be integrated, as the area of the tooth is varying 

with the height. The figure shows a basic shape of a stator tooth. 

 

 
Figure C.1. Tooth geometry 
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The tooth geometry can be divided in to four parts, D1 to D4. Now, the resistance is 

given by, 
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D1 

The width of tooth does not vary in radial direction.  
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∫
  

    

  

 

   
  

  
                                                                                                                              

  

D2 and D3 

In this part, the width changes with the height and hence the equation b(h) is required to 

be found before the integration. 

Figure C.2 Half of the tooth area D2 
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((C.5) 

 

Put (C.5) in (C.3) gives,  
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(C.6) 

 

The same equation can be used for D3 because they are almost identical in shape. 

D4 

This part of the teeth is in the shape of an ellipse. 

 

Figure C.3 Arc of the slot 
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which gives, 
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Substitute,                             ⁄  
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The general solution to the integral is given by, 
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The final simplified form is, 
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