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ABSTRACT 

The aim of this paper is to present example of FEM approach to determine suitable shape of 
reluctance rotor equipped with starting rotor cage, to produce the highest possible reluctance 
torque. The asynchronous start and further synchronous operation of the machine is requested. 
The research was performed with provided 4 pole squirrel cage induction motor with the 
nominal power of 240W. The influence of rotor dimensions on resulting reluctance torque is 
tested. The research was made based on finite element method calculation. The experimental 
verification of results has been performed on several rotor prototypes.  

1. INTRODUCTION 

The synchronous reluctant machines are simple, comparatively cheap and reliable devices 
that can be used in many applications. Current synchronous reluctance motors have been 
improved due to the technological evolution of the materials used in it is rotor. Many of the 
reluctance motors used in industry used to be fitted with cages in their rotors, similar to cag-
es of induction motors mainly for starting purposes directly from the mains of power supply. 
In synchronous operation the cage serves as damper for the speed oscillations. The cage cha-
racteristics are important for the determination of the starting and running stability characte-
ristics of the machine. [2]  

The stator of synchronous and asynchronous motor has no difference in principle of operation. 
However, there is a significant difference in rotors of both machines. The very important pa-
rameter of reluctance rotor is so called “saliency ratio” represented by the ratio of rotor’s di-
rect-axis inductance Ld and quadrature-axis Lq. For the proper operation of machine and to 
obtain the best possible output torque and power factor, it is necessary to achieve the highest 
possible saliency ratio. The output torque of machine is defined by following equation: 
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where p refers to number of pole-pairs, si to vector of stator current, andκ  is the angle be-

tween stator current vector and rotor d-axis. 



 

 

2. SELECTION  OF ROTOR GEOMETRY  

Various types of rotor constructions are available when designing a new rotor. One of the 
best saliency ratios can be offered with the axially laminated construction.[5] However, the 
rotor of provided induction motor is transversally laminated and contains a cage with 18 
bars. Proposed shape of rotor is shown in Fig. 1.  

Investigated geometry parameters of rotor were chosen with respect to the solution difficul-
ty, available machine tools and also cost efficiency. Investigated parameters, that were stated 
as variables are illustrated in Fig 1. Consequently, the expected range of each parameter was 
determined (e.g. between 17° and 27° for parameter a). In this range the step of parameter 
was chosen. For instance the step of parameter a is selected for 1°. With the help of Auto-
CAD software the geometries were created. These geometries were imported in FEM 4.0, 
where materials and boundary conditions were defined. After this procedure the LUA script 
was started.  

3. CALCULATION PROCESS AND RESULTS 

The aim of calculation is to find the parameter values, with the maximum reluctance torque 
and with respect to the minimum torque ripple. For the automatic calculation the LUA script 
was programmed. The script loads the geometry, performs the FEM magnetic field calculation 
and resulting torque estimation for all values of parameters. The torque is calculated during 
simulated synchronous operation of the machine in the range of mechanic 30 degrees. Because 
of synchronous operation simulation theκ was kept constant for all parameter values. The 
scheme of whole process is shown in Fig. 2.  

 

 

 
Fig. 1 Geometry dimensions suitable for the 
research of influence on resulting torque: a – 
cut out angle, b – cut out height, c -  air-gap 
length 

 
Fig. 2 Calculation process of torque progress 
according to chosen parameter of the rotor’s 
geometry, whereκ is the angle between the sta-
tor current vector and the d-axis of rotor 

3.1. RESULTS FOR PARAMETER A 
For different values of parameter a, the various torque curves were obtained (see Fig. 3). 
Based on torque curves the maximal, minimal and average torque of each characteristic can be 



 

 

specified. When plotted in graph, this values show the result. The importance of average tor-
que is based on the fact, that rotor and stator slots causes torque ripples, and the resulting out-
put torque of the motor is the average torque.  

The results for parameter a (Fig. 4) show, that when increasing the salient pole (decrease of 
parameter a), the d-axis inductance increases, however the q-axis inductance also increases 
slightly. When decreasing a further, the d-axis inductance stops to increase, but the q-axis in-
ductance continues to increase. According to Fig. 4 this occurs approximately when a = 23°, 
where also the biggest torque ripple occurs. Therefore the optimal value of parameter a = 19° 
can be chosen. The decrease of average torque is not so significant and the torque ripple is 
considerably lower. 

3.2. RESULTS FOR OTHER PARAMETERS 
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Fig. 5 Progress of minimal, average and maxi-
mum torque depending on the parameter b, 

°= 5,7κ  mech = constant 

0,0

0,5

1,0

1,5

2,0

2,5

3,0

3,5

0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0 1,1 1,2 1,3

c  [mm]

M
 [

N
.m

]

M_max M_min M_av

Fig. 6 Progress of minimal, average and 
maximum torque depending on    the pa-
rameter c, °= 5,7κ  

The same process was undertaken for the resulting parameters b and c. For parameter b it is 
obvious, that the smaller b, the higher is the output torque. It is also obvious, that the smaller 
b, the lower is the mechanical strength of the rotor, and the more complicated is to manufac-

0,0

0,5

1,0

1,5

2,0

2,5

0 5 10 15 20 25 30

θθθθr [ °[°[°[°mech ]]]]

M
 [N

.m
] a = 19° a = 24°

 
Fig. 3 Progress of calculated torque for rotors 
with a =19° and a = 24° when °= 5,7κ mech is 
constant. 
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Fig. 4 Progress of minimal, average and maxi-
mum torque depending on the parameter a, 

°= 5,7κ mech is constant 



 

 

ture the rotor. So the selection is based on, the biggest possible value of b, with the consider-
ation that the torque does not decrease rapidly. (Fig. 5) 

The air-gap length c has an enormous influence on the motor operation. As it can be seen in 
Fig 6, the higher air-gap is the lower torque is obtained. But what is important, the lower 
torque ripple occurs. The air-gap length has also serious influence on magnetization current 
and the power losses in the winding of the stator, as will be introduced in the following pa-
ragraph.  

4. MAGNETIZING CURRENT AND AIR-GAP LENGTH 

When calculating the linkage magnetic flux ψ of coil with N turns fed with current i, the 
Hopkin’s law according to equation 2 can be used:   

 
mR

iN ⋅=
2

ψ   (2) 

where Rm refers to a magnetic reluctance. Because the real motors are mostly fed from a vol-
tage source, for the linkage magnetic flux the following formula can be applied: 

 ( ) 0ψψ += ∫ dttu i   (3) 

This means, that the actual value of magnetic flux depends only on the integral of induced 
voltage, with no dependency on the current. Actually, the magnetic flux is forced to reach a 
certain level equal to the integral of the induced voltage and the current is only a result of 
this phenomena. In case, that the length of air-gap is increased, and the same voltage is ap-
plied, the magnetic flux remains constant. If the magnetic flux remains constant, the magne-
tizing current of machine must increase (considering that the number of turns remains con-
stant according to formula 2).  

Another important fact, that during the FEM calculation the pure sine wave current is inputted 
into the windings. When considering voltage fed motor, in ideal case we input pure sine wave 
voltage. Due to changing reluctance during rotation of the rotor, the non-sine wave current is 
withdrawn from network.  
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On the other hand, when we input pure sine wave current, we are able to calculate a magnetic 
flux of each coil, and finally state a derivation of this flux, which in result gives us an induced 
voltage. If the induced voltage is calculated according to (3), the non-sine voltage progress is 
obtained as well.  

The two shapes of rotors were manufactured and the measurements were performed. Due to 
production discrepancy the Rotor1 and derived protype v1 had smaller diameter when com-
pared to Rotor2 and derived prototype v2. Consequently an experimental calculation was per-
formed.  

Experimental results are shown in Fig. 7. In case, that correct current related to the shape of 
rotor is used, the maximal flux remains approximately constant (0,5 Wb). In case that lower 
current or longer air-gap is used, the flux is approximately 0,1 Wb lower. 

5. CONCLUSION 

This paper demonstrates the FEM approach to determine optimal synchronous reluctance rotor 
geometry. After research several prototypes of reluctant rotors were manufactured. Because of 
production discrepancy, the longer air-gaps of the FEM optimized motor prototypes occurred, 
which decreased final efficiency and power factor of the machine. The output torque of the 
machine has been improved. According to formula (1), even higher reluctance torque can be 
achieved, if the air-gap would be smaller. This motor is capable of synchronous operation with 
asynchronous start without a frequency converter. The decrease of efficiency can be compen-
sated with omitting the frequency converter. This solution is cheap and easy and fast to manu-
facture. 
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