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  Abstract: In this paper a design procedure for 6/4 
switched reluctance motor is established. A 2D non-
linear reluctance network model combined to teeth 
contour permeance method is used. A calculation 
algorithm was first implemented on the basis of existing 
motor and then extended for varying dimensions of 
geometric parameters, specially teeth and air gap. The 
model was validated with finite elements analysis. The 
design procedure was established on the basis of 
minimizing torque ripples. The study contains two 
parts; a constant current supplied motor then a 
constant voltage supplied one. Finally a relation 
between stator teeth and rotor teeth with the airgap as 
parameter was established. 
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1. Introduction. 
Switched reluctance motors (SRM) are used in 
many applications (electric vehicles, wind energy, 
aeronautics…etc.) due to their simple construction, 
robustness, low cost and ability to operate over a 
wide speed range and a wide motor power ratings , 
using both two quadrant and four quadrant 
operation.The development of power electronics 
also allowed growing interest for this kind of 
motors. Many papers treated the SRM design 
using classical methods like finite element method 
or analytical methods for modelisation. 
Reluctance network method (RNM) is also widely 
used but the calculation of airgap reluctance still 
complicated since it is position dependent. 
In this paper (RNM) is combined to teeth contour 
permeances method to calculate this airgap 
reluctance. The reluctance network method (RNM) 
consists of dividing the machine into parts 
represented by reluctances where field is assumed 
to be normal to the cross section. These parts are 

yokes, teeth, slots, and airgap. This method allows 
improving calculation speed, keeping accuracy and 
flexibility.The aim is to highlight the effects of 
changing stator and rotor teeth dimensions on 
torque characteristics. An algorithm taking into 
account all configurations of airgap and position is 
implemented, and it is for all dimensions and 
positions of rotor for a 6/4 SRM [1-2]. 
The SRM studied contains 6 stator poles with 

concentric windings. Two diametrically opposite 

poles windings are in series to form a phase. The 

rotor has 4 salient poles but no active element 

(Figure 1). Two important positions are to be 

considered in this type of motors; the position (0°) 

of non-alignment of the axis of both stator and 

rotor tooth and the position of alignment (30°) of 

these two axes (figure 1). Supplying with constant 

voltage or constant current phase (A)( in red) when 

rotor pole 1 is  at position (0°) ,generates a main 

magnetic flux that gives rise to an electromagnetic 

reluctant torque. The rotor pole 1 is pulled in order 

to reduce the airgap reluctance. Supplying three 

successive phases causes a continuous movement 

of the rotor.  

 

 
 

 

 Fig. 1.  Geometric configuration and         operation 

of SRM. 

mailto:kabelnaw@yahoo.fr
mailto:ataieb_brahim@yahoo.fr
mailto:chafikkernane@hotmail.com


 

SRM needs a supply device that must take into 

consideration three important positions; θon  the 

supply angle, θoff the turning off  angle and θext  the 

angle when the current in the windings becomes to 

zero. These characteristic angles need a 

performing electric drive, but in this work and for 

convenience the drive simply delivers a step 

current or voltage between on  and off  and  

inversed between θoff  and ext .The voltage supply 

function is given by equation (1): 
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The motor electromagnetic parameters are highly 

non-linear due to nonlinearity of magnetic material 

and the air gap configuration which is strongly 

salient. To reduce complexity and simplify the 

modelisation, the ends effect, magnetic losses and 

hysteresis losses are neglected. The 

electromagnetic differential equation for the motor 

is given by [3,4,6]: 
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Where U1(θ),U2(θ) and U3(θ) are the  applied 

voltages to phases 1, 2, 3 respectively.  

R is the resistance of the winding. i1, i2 ,i3  are the 

currents of the phases.  

Ψ1, Ψ2, Ψ 3 are the main fluxes in the stator poles. 

ω is the rotor speed considered as  constant. θ is 

the position of the rotor.  

The resolution of this non-linear differential 

system (equation 2) involves determining the flux 

values at all areas of the motor.  

 
2. Reluctance network method. 

The reluctance network method (RNM) presents 

an ease of use and is very convenient for SRM 

structure. This method consists in strewing the 

cross section of the motor with nodes creating 

meshes over the magnetic circuit. Each node is 

connected to the next node with a reluctance 

(figure2). These reluctances represent 

ferromagnetic areas and non magnetic areas.  

Ferromagnetic areas are represented by the 

reluctances Rmag of the teeth and yokes; they are 

calculated by equation (3): 

 

     
 

        
                                        (3) 

 

   l   is the length of the area crossed by the 

magnetic field,  h  the area width, kf the stacking 

factor of steel, L  the length of motor,  μ the mean 

value of magnetic area permeability and μ0  the air 

permeability. 
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Non magnetic areas are of two kinds; slots which 

reluctances Rsl are calculated by equation (4), and 

airgap areas which reluctances will be more 

difficult to calculate. This difficulty is due to the 

changing geometry of the airgap according to rotor 

movement. Choosing teeth contour permeance 

method makes easier this calculation and takes into 

consideration airgap geometry and movement. 

 
2.1. Using teeth contour permeance for air gap 
reluctance calculation. 
As said above, calculating airgap reluctances is 

complex since determining flux paths depends on 
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Fig. 2.  Reluctances of different parts of SRM. 
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airgap configuration and movement.  For 

simplicity, a panoramic airgap configuration is 

shown in figure 3. Airgap flux paths have tubular 

form and get into slots at certain depth calculated 

by CARTER’s equation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 
 

 

Adapting teeth contours permeance method for 

such geometrical configuration consists in three 

essential steps [2]:  

1- Determining overlaps bounded by pole axes on 

both sides of airgap (figure5). For a 6/4 SRM 

the number of overlaps is 8 or 10 according to 

rotor position. This leads to 8 or 10 airgap 

reluctances. Corresponding permeances Pa of 

each overlap are calculated. 
 

 
 

 

 
2- While flux tubes get deep into slots as shown in 

figure4, airgap can be transformed into Carter‘s 

smooth air gap(figure6). The permeances Pc are 

then calculated. 

           

 
 

 

 

 
3- Transforming the difference between these two 

permeances in a triangular-shaped slot    

(figure7) and calculate its permeance Pt. The 

height (h) of the triangle is calculated from 

equality between the first two permeances.  
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Determining h depends on geometry of each 

overlap.  An example of overlap composed of four 

areas is shown in figure7. The equivalent 

permeance is the sum of the areas permeances. The 

rotor displacement leads to a changing airgap 

where some areas appears and some others 

disappears…etc. This is why the proposed 

algorithm takes into account all the possible areas 

Pa 

Pc 

Fig. 4. Panoramic view of airgap for nonaligned and           

           aligned position. 

Fig. 5. Panoramic view of airgap and  

                          Overlaps regions. 

Fig. 6. Panoramic view of CARTER’s  

                         smooth airgap. 

Fig. 7.  Panoramic view of triangular airgap. 

Fig. 3.  Radial view of airgap. 



 

that can exist for any rotor position. 
 

 
 
 
 

 
 

 
 
 
On the basis of permeance equation (6), all areas 
permeances are summed (equation7) and the 
airgap reluctances are deduced (equation8). 
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2.2. RNM model and validation. 
All reluctances are inserted to the equivalent 
network illustrated in figure8 which uses analogy 
to electric networks, by applying the OHM’s law 
for circuits and KIRCHOFF’s laws for loops and 
nodes. The flux, the magneto motive forces and the 
reluctances are modeled by analogy, respectively 
to currents, voltages and resistances.  
Writing the equations for each mesh using OHM’s 
and Kirchhoff’s laws leads to the matrix 
equation(9).  
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[F] is the magneto motive force vector formed by 
the magnetic forces in each mesh. 
[R] is the reluctance matrix formed by the 
reluctances in each mesh. 
[Ψ] is the flux vector formed by the fluxes in each 
mesh and it is unknown. 
For the resolution of this system the iterative 
Gauss-Sidell method is used. 
After determining the inductions in each part of the 
SRM for a given position, equations (2) is solved 
for determining induction, current and then 
calculate torque. For resolution, a NEWTON-
RAPHSON method for nonlinear differential 
equations systems is implemented. 
 
 
 

 
 
 
 

 

 
 
The RNM model set above is compared to finite 
element model for validation. The tried and tested 
commercial software Ansoft Maxwell was used. 
The main fluxes of main stator pole with both 
methods have been compared. Figure9 shows that 
RNM model closely matches FEM model. This 
comparison highlights the reliability of the RNM 
model. The method also presented a fastness that 
reduces calculation time. Permeance contour 

Fig. 9. SRM corresponding reluctance  network.  

Area 1 

Fig. 8. Configuration of overlaps areas. 



 

method described airgap flux with better accuracy 
than other methods used for airgap reluctance 
calculation. 
 

 
 
 
 
 

 
 
 
 
After validating the model, the design procedure 
can be started, but first the torque equation must be 
developed for numerical calculation. It is well 
known that reluctant torque T is deduced from the 
coenergie W' equation which is current and 
induction dependent [6] and is given by equation 
(10): 
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Finally for numerical calculation of torque 
equation (13) is used. 

12

0
1

0
2

12

..












i

j
j

i

j
j ii

T               (13) 

 
3. SRM Design procedure and discussion. 
The simulations are made on the basis of an 
existing SRM witch characteristics are given in 
table 1. 
Two groups of simulations are done; constant 
current and constant voltage supplied SRM. For 
both, stator teeth, rotor teeth and airgap thickness 
are varied. All other geometric and electric 
parameters still unchanged. 
Design limits can be listed as below: 
 

 Induction less then 1.8Tesla (value of 
saturation for the magnetic material). 

 current density less than 10A/mm². 
 Minimal Torque ripple and maximal mean 

value. 
 In addition construction limits are to be 

considered; for example an airgap of 
0.01mm is not possible neither a rotor 
teeth of  1 mm because it may weaken 
mechanically the rotor. 

 
Previous works [1] show that switching angle of -
10° gives best shapes and values of torque, so this 
value is used for all simulations. 
 
3. 1.  Constant Current Supplied SRM. 
In this part the current is constant and has not to be 
calculated, the  e.m.f  is 1000A/t .  
Figure (11) shows the torque of the motor for 
different stator teeth. Enlarging stator teeth leads to 
a larger torque shape but lower mean value. The 
same simulations are done for rotor teeth variation 
figure (12). Diminution of airgap figure (13) gives 
a better torque shape but lower mean value. 
Torque is improved by increasing the stator teeth 
or the rotor teeth and diminution of airgap.  
 
 

Dimensions(mm) stator rotor 

Inner diameter 47 5 

Outer diameter 81 46 

Teeth height 10 10 

Teeth width 10 16 

Yoke thickness 10 9 

number of poles 6 4 

length 150 150 

air gap 0.5  

Speed   1000rnd/mn 

Fig. 10. Induction in main stator pole with  

              RNM method (-----) and FEM (
…..

). 

Table 1. SRM geometrical characteristics. 



 

 
 

 

 

 

        

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      

 
                

   
3.2. Constant Voltage Supplied SRM. 
 At constant voltage, the current is variable and 
must be determined, as well as the induction for 
each position. Simulations also treated effects of 
changing stator and rotor teeth and airgap. The 
same results were obtained; enlarging stator or 
rotor teeth improved the current and torque 
(figure14). Reducing airgap thickness (figure 15) 
improved current and torque 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 

Fig. 11. Torque versus position from stator tooth 

               (βs)  8mm(blue)  to 20 mm  by step of 2 

mm for  constant current. 

 

Fig. 12. Torque versus position from rotor tooth 

             (βr)  8mm (in blue) to 16 mm  by step of  

                        2 mm  For constant current. 

 

 

 

Fig. 13.  Torque versus position from airgap 0.25mm 

(in red) to 1 mm by step of 0.25 mm for constant 

current. 

 

Fig. 14.  Currents and Torques versus position from  

              rotor tooth (βr) 8mm (in red) to18 mm by 

              step of   2mm for constant voltage. 



 

    
 
 

 
 
 
 
 
 

 
 
 

Figure16 shows the cross section for different 
dimensions of teeth and their relatives’ torques; 
e.g. if stator teeth smaller than rotor teeth torque 
will be higher but rippled. 
The choice of a given geometry is determined by 
the application considerations and the construction 
limits. 
From the results above, it have been noticed that 
each stator teeth matches with a rotor teeth to give 
an optimal value for torque. The same work is 
repeated for different air gaps and the same 
relation is deduced each time. At the end of this 
work an abacus was established for helping design 
of this volume SRM.. Figure17 shows a relation 
between rotor and stator teeth for different airgap 
thickness.    
The  steps set above can be used as a design 
methodology to determine dimensions for any 
SRM and it will be a basis for future works.  
    

 
            
 
 
 
4. Conclusion. 
A RNM model of switched reluctance motor was 
set and validated with FEM method. Reluctance 
network method has presented a reliability and 
accuracy with considering the nonlinear 
permittivity of material, the movement and the 
geometry. This method combined to the teeth 
contours permeance method has demonstrated its 
adaptability for salient structures such as SRM. 
The interest of these two methods is the reduction 
of calculation time, with high accuracy. We also 
highlighted the relation that exists between the 
geometrical parameters and the electromagnetic 
behavior of the SRM such as torque and current. It 
means that SRM characteristics can be improved at 
the stage of construction. Finally, a relation 
between stator pole and rotor pole dimensions with 
the air gap as parameter was deduced for the 
studied SRM. 

Fig. 15. Currents  and torques versus position from   

airgap of 0.3 mm(in red) to 0.9mm by step of   

0.2mm  for constant voltage. 

Fig. 17. Rotor teeth versus stator teeth for  

                    different airgaps. 

 

 

Fig. 16. Geometry and corresponding torque for stator 

              teeth smaller, equal and greater than rotor teeth  

              respectively. 
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