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ABSTRACT 

While developing an electrical machine, the main task is 

to obtain an optimal magnetic field’s distribution. It can 

be reduced to the selection of such constructive 

parameters that ensure the best circumstances for 

magnetic field’s existence.  

This work is dedicated to the determination of an 

optimal rotors shape for the synchronous reactive 

frequency doubler (SRFD). The task is solved by using 

the finite element method implemented in QuickField 

software. As a result the rotor’s optimal shape is 

obtained which ensures the highest increased frequency 

EMF induction. 

While studying electrical machine’s magnetic field, it is 

necessary to face analysis tasks, as well as synthesis 

tasks.  

Analysis inludes clarification of how different 

parameters (for example: current, magnetic system’s 

separate parts shape and geometrical dimensions, 

characteristics of different magnetic materials etc.) 

influence the magnetic field’s character, the field-

dependent parameters. Synthesis implies receiving the 

necessary magnetic field’s distribution, which ensures 

defined/assigned characteristics (for example: magnetic 

flux, electromotive force, electromagnetic torque, etc.)  

Along with the other multiple questions, specific 

requirements are being raised with regard to induction 

distribution in the air gap and the higher harmonics 

maintenance in fixed constrains.  

 
INTRODUCTION 

The SRFD is the synchronous reactive machine, which 

uses the higher harmonics of the magnetic field (the 

second harmonic). In slots of the SRFD, two windings 

are placed: the primary, which is connected to the 

industrial frequency AC network, and the secondary, 

which is used to receive the increased frequency. It is 

possible to note, that the synchronous reactive frequency 

converter is the one-machine aggregate, in which the 

synchronous reactive motor (stator’s primary winding – 

salient pole rotor) and the inductor generator (salient 

pole rotor – secondary winding) are combined together. 

The primary winding is consuming magnetizing current, 

which produces the rotating magnetic field in the air 

gap. From induction’s distribution curve, the necessary 

(second) harmonic is used due to the specific form of the 

rotor’s magnetic system and due to the appropriately 

selected width of the air gap.  

This harmonic induces the increased frequency EMF in 

the secondary winding. To achieve this, the secondary 

winding’s step must be equal (or almost equal) to the 

higher harmonic pole pitch of the necessary field. 

 

 
 

Figures. 1. Stator winding’s scheme  

 

 
 

Figures. .2. Rotor’s cross-section view 

 

Figure 2 schematically represents the rotor’s cross-

sectional view . The rotor’s parts which are made of the 

ferromagnetic material are marked with stripes; the 

unmarked parts are made of the nonmagnetic material 

(aluminum, plastic). To star-up the SRFD in the rotor’s 

magnetic part, the starting winding (“squirrel cage” 

shaped, made of aluminum bars and short-circuit rings) 

is placed. 

Proceedings 28th European Conference on Modelling and 
Simulation ©ECMS Flaminio Squazzoni, Fabio Baronio,  
Claudia Archetti, Marco Castellani  (Editors) 
ISBN: 978-0-9564944-8-1 / ISBN: 978-0-9564944-9-8 (CD) 



 

 

Power with help of magnetic field is transferred from the 

primary winding to the secondary winding by means of 

specific transformation. In this case, the link between 

the primary and the secondary winding is not provided 

by the mutual induction flux, but by a part of it – the 

higher harmonic exuded flux. Power transfer is 

depending on the geometrical shape of the converter. By 

having one stator (core, stator windings, slot number, 

etc.), but different rotors, a very different EMF value 

can be obtained. So it is necessary to determine an 

optimal shape of the rotor to receive the highest 

secondary winding’s EMF induction. 

To solve this task, two different approaches were 

selected. First, it is necessary to clarify the influence of 

the air gap’s form on the second harmonic induction in 

the air gap.  

 

 
 

Figures. 3. SRFD air gap’s possible variants.  

With gray color the fixed ferromagnetic part of a rotor is 

highlighted; dark gray – variable part (that in some cases 

is substituted with air) 

 

Second – creation of specific form rotor with optimal 

ferromagnetic parts filling angle β  that ensures such 

second harmonics distribution, which guarantee 

maximal EMF E2 value. 

 
 

Figures. 4. SRFD ferromagnetic parts filling angle 
ooooo

200,195,190,185,180=β  

The fixed ferromagnetic part of the rotor is colored in 

grey; the variable part – in dark gray (that, in some 

cases, is substituted with air) 

All calculations are made for the idle running, when the 

secondary winding’s current 02 =I A. 

 
THE SELECTED MACHINE’S PARAMETERS 

The finite element method (FEM) is chosen as a 

magnetic field’s research method which is realized in 

QuickField software. The FEM allows taking into 

account easily different factors such as configuration of 

a magnetic system and ferromagnetic non-linear 

magnetization curves.  

For the research, the magnetic system of a commercial 

asynchronous machine is chosen, in which slots the 

primary and the secondary windings are placed. The 

same machine is considered in the previous work 

(Mesņajevs et al. 2013).  

Frequency doublers’ stator geometrical parameters are 

presented in the Table 1,  

 

Table 1. Stator geometrical parameters 

 

D, mm Da, mm tz, mm br, mm hr, mm δ, mm 

120 210,5 15,7 13,1 22,6 1 

 

where  Da – stator’s outer diameter; 

 D – stator inner diameter; 

 tz – tooth pitch; 

 br – slots width; 

 hr – slots height; 

 δ – air gap between stator and rotor . 

For the SRFD, it is important to exude the magnetic 

field’s second harmonic so that it has the biggest value. 

To achieve this, the rotor’s magnetic system’s shape and 

air gap must be chosen to exude the necessary harmonic 

in the magnetic field, while the other higher harmonics, 

whenever possible, are equalized to zero. 

 
SELECTION OF THE AIR GAP’S FORM 

To determine possibility of increased frequency EMF 

amplification, by means of changing an air gap’s shape, 

different variants were selected (see fig. 3.):  

a) reduction of rotor’s ferromagnetic part width 

along direct-axis by 3 mm and without 

reduction; 

b) reduction of rotor’s ferromagnetic part width 

along quadrature-axis by 3 mm and without 

reduction; 

c) reduction of rotor’s ferromagnetic part width 

along both axes by 3 mm. 

As a basis for mathematical simulation, the SRFD with 
o180=β  is selected due to results of the previous work: 

“In order to receive the highest in the secondary 

winding, the induced EMF values frequency doublers’ 



 

 

rotor must be made of at least 50% from ferromagnetic 

material, the rotor’s ferromagnetic parts’ filling angle β  

must be between 180
o

 and 200
o

 and the armature 

current must be as high as possible (in feasible 

constraint)” (Mesņajevs et al. 2013). 

 

SELECTION OF THE FERROMAGNETIC 

PARTS’ FILLING ANGLE 

As already mentioned, in order to receive the highest in 

the secondary winding, the induced EMF value rotor’s 

ferromagnetic parts’ filling angle β  must be between 

180
o

 and 200
o

[1].  

In this research, the author is focused towards specifying 

an optimal ferromagnetic parts’ filling angle β . To 

achieve satisfactory results, the step equal to 1
o

 is 

chosen. In other words, simulations are made for 

different rotors that differ by o1=β  (see ig. 4.) 

In both tasks, the secondary winding induced EMF is 

calculated using the following formula: 

 

 

where  f – frequency; 

 kw – winding coefficient; 

 q – slots number per pole and phase; 

 wsp – coil’s turn number; 

 a – parallel turn number; 

 

 

 mA  –specific harmonic’s vector 

magnetic potential amplitude value 

(determined using magnetic field 

mathematical simulation); 

 l – machine’s length in axial direction. 

 

Solution of mentioned tasks is carried out using finite 

element method for magnetic field investigation, 

developing and improving software for SRFC’s 

characteristics determination. 

 

SRFD’S SIMULATION RESULTS 

Selection of air gap’s form  

As a result of simulation, the magnetic field pictures are 

obtained. Five different variants are presented below: 

I. the rotor’s ferromagnetic part width along direct-

axis is decreased by 3 mm; 

 
 

Figures. 5. SRFD magnetic field’s pictures for decreased 

rotor along direct-axis by 3 mm 

Left figure- direct-axis ( da II =  and 0=qI ), right 

figure – quadrature-axis ( qa II =  and 0=dI ) 

 

II. the rotor’s ferromagnetic part width along  

quadrature-axis is decreased by 3 mm on each 

side; 

 

 
 

Figures. 6. SRFD magnetic field’s pictures for the 

decreased rotor along quadrature-axis by 3 mm on each 

side 

Left figure- direct-axis ( da II =  and 0=qI ), right 

figure – quadrature-axis ( qa II =  and 0=dI ) 

 

III. the rotor’s ferromagnetic part width along  

quadrature -axis is decreased by 3 mm only on 

one side; 

 

 
 

Figures. 7. SRFD magnetic field’s pictures for the 

decreased rotor along quadrature-axis by 3 mm only on 

side 

Left figure- direct-axis ( da II =  and 0=qI ), right 

figure – quadrature-axis ( qa II =  and 0=dI ) 
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IV. the rotor’s ferromagnetic part width is decreased 

by 3 mm along both axes; 

 

 
 

Figures. 8. SRFD magnetic field’s pictures for the 

decreased rotor along both axes by 3 mm 

Left figure- direct-axis ( da II =  and 0=qI ), right 

figure – quadrature-axis ( qa II =  and 0=dI ) 

 

V. rotor without reduction. 

 

 
 

Figures. 9. The SRFD magnetic field’s pictures for the 

rotor without reduction 

Left figure- direct-axis ( da II =  and 0=qI ), right 

figure – quadrature-axis ( qa II =  and 0=dI ) 

 

Simulation is made when the armature current is set 

72=aI A and results are presented in table 2. 

 

Table 2. The secondary winding’s EMFs for different 

rotor shapes.  

 

 Condition’s number 

I II III IV V 

E2q, V 6.98 6.72 7.52 4.82 8.99 

E2d, V 9.46 10.19 10.15 10.16 9.48 

E2, V 11.76 12.20 12.63 11.25 13.07 

 

As it is seen in table 2, a reduction of the rotor’s 

ferromagnetic material leads to a decrease of the 

increased frequency EMF E2. 

 

Selection of the rotor’s ferromagnetic parts’ filling 

angle 

To conduct magnetic field’s mathematical modeling, the 

following magnetic field’s pictures are received for 

different rotor’s filling angles β . 

1. The rotor’s ferromagnetic parts filling angle 
o180=β ; 

 

 
 

Figures. 10. SRFD magnetic field’s pictures for 
o180=β  

Left figure- direct-axis ( da II =  and 0=qI ), right 

figure – quadrature-axis ( qa II =  and 0=dI ) 

 

2. The rotor’s ferromagnetic parts filling angle 
o190=β  

 

 
 

Figures. 11. SRFD magnetic field’s pictures for 
o190=β  

Left figure- direct-axis ( da II =  and 0=qI ), right 

figure – quadrature-axis ( qa II =  and 0=dI ) 

 

3. The rotor’s ferromagnetic parts filling angle 
o200=β  

 

 
 

Figures. 12. SRFD magnetic field’s pictures for 
o200=β  

Left figure- direct-axis ( da II =  and 0=qI ), right 

figure – quadrature-axis ( qa II =  and 0=dI ) 



 

 

Calculations are made for different armature current 

values 72;58;44=aI A. 

Results of calculations for different currents are 

presented in fig. 13-15. 
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Figures. 13. In secondary winding induced EMF’s 

dependence form rotor’s ferromagnetic parts filling 

angle β, when 44=aI A. 

 

Ia = 58 A

11.95

12

12.05

12.1

12.15

175 180 185 190 195 200 205
β, el. deg.

E
2
, 

V

 
 

Figures. 14. In secondary winding EMF’s dependence 

form rotor’s ferromagnetic parts filling angle β, when 

58=aI A. 

 

Ia = 72 A
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Figures. 15. In secondary winding induced EMF’s 

dependence form rotor’s ferromagnetic parts filling 

angle β, when 72=aI A. 

 

As a result, it can be stated that an optimal rotor’s 

ferromagnetic parts’ filling angle o187=β . 

 

CONCLUSIONS 

1) A reduction of rotor’s ferromagnetic material 

leads to a decrease of the increased 

frequency EMF E2; 

2) An optimal rotor’s ferromagnetic parts filling 

angle that ensures maximal EMF E2 value is 

equal to 187. 
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