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Abstract – The electromagnetic performances for 
two current distribution methods (classical and 
non-classical) of a 3-phase, 24 stator slots and 
16 rotor poles Switching Reluctance Machine 
(SRM) were compared. The three phases were 
excited in sinusoidal current mode. The Finite 
Element Model was used to predict the average 
torque, the total flux of each phase, the torque 
ripple, the self and the mutual-inductance of 
each phase. After the computation, it is shown 
that the machine with non-classical current 
distribution has more average torque than the 
machine with classical current distribution, 
especially at high current density. Experimental 
tests have been realized, and a good agreement 
between the experimental and numerical (FE) 
results was observed. 
Keywords: Switching Reluctance Machine, Finite 
Element Model, average torque, torque ripple, 
self and mutual-inductance, flux in air-gap. 
 

I. Introduction 
 
    Nowadays, the Switching Reluctance 
Machines (SRMs) become an important topic for 
the researchers of electrical machines because 
of their advantages: simplicity, robustness, high 
speed operation and low manufacturing cost, etc. 
However, the disadvantages of this kind of 
machines are high torque ripple, high acoustical 
noise and vibration which limit their applications 
in industry [1], [2].  
    The SRMs to be investigated have the same 
geometrical structure but are excited in two 
different ways of current distribution as Figure 1 
and table 1 [3], the machine parameters are 
expressed in table 2. 

Table 1: current distribution of SRM 
Classical A’ABB’C’CAA’B’BCC’ 
Non-classical AA’BB’CC’AA’BB’CC’ 

 
Table 2: machine parameters 

 24-slot/16-pole 
Slot number 24 
Pole number 16 
Air gap length  0.2 mm 
Stack length 60 mm 
Stator outer radius 45 mm 
Stator inner radius 29.2 mm 
Rotor outer radius 29 mm 

 

(a) 

 

 

 (b)  
Figure 1: the current distribution for SRMs (a) 

non classical (b) classical 

 
Figure 2: excitation for the SRM in sinusoidal 

current mode 
 
   In this paper, the excitation of three-phase is 
achieved in a sinusoidal current mode as shown 
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in Figure 2 in order to simplify the inverter circuit 
and minimize the saturation of SRMs [4]. 
    The analysis of nonlinear characteristics is 
based on Finite Element Model (FEM), and the 
results from ANSYS are employed to practice the 
design and optimization of SRM system. 
 

II.  Flux-Linkage 

The coil is wound around a stator tooth, thus, 
when the stator and the rotor teeth are aligned, 
the flux-linkage is maximum. This value depends 
on the tooth tip’s width and the air gap field. The 
equation of the flux per coil is expressed as: 

1
B dS

coil airgap teeth
s

ϕ = ∫
rr

 
Eq. 1 

Where Bairgap is the air gap flux-density and Steeth 
is the teeth tips surface area. 

In 2-D analysis, ( , )ψ θ i  can be calculated with 

the magnetic vector potential A, and the final 
expression of flux-linkage is obtained by: 

1
N B dS N A dL

phase airgap teeth
s l

ψ = ⋅ = ⋅ ⋅∫ ∫
rr r r

 
 Eq.2 

    Typical flux distributions at aligned position 
and the flux of one phase versus RMS current 
density for the 24-slot and 16-pole three-phase 
SRM with different ways of excitation are shown 
in  Figure 3 and in Figure 4, respectively. 

  
(a) (b) 

 Figure 3: Flux distributions in aligned position of 
SRM. (a) Non-classical current density 
distribution (b) Classical current density 
distribution. 

 
(a) Self-flux of one phase 

 
(a) Mutual-flux of one phase 

Figure 4: Self and mutual-flux of one phase with 
single excited phase (in this paper, phase A is 
excited) 

In the  Figure 3, for the non-classical current 
distribution machine, it is clear that each half of 
phase A flux goes through the phase B or the 
phase C, as a result, the mutual flux is about the 
half of the self flux. This is different from the 
classical current distribution machine. In the last 
case, approximately all the flux passes through 
the different teeth of the phase A, thus, the 
mutual flux is very low, can be neglected. The 
previous assumption is well justified by the 
Figure 4. At the same time, we find that the self 
and mutual flux of the non-classical current 
distribution is much less sensitive to the increase 
of current density. Due to this characteristic, we 
can finally obtain more out-put torque at high 
current density. This will be discussed in part-IV. 

III.   Self and Mutual Inductances 
     
    The self and mutual-inductance are calculated 
with the same expressions although the current 
distribution of the two SRMs is different. 

²
1 1 1 1

L I N p I N
phase coil

ψ ϕ= ⋅ = ⋅ ⋅ = ⋅  Eq. 3 

And the fluxes between two phases are 
calculated as: 

²
1_ _ 1_ 1 1_ 1

              
1_ _

M i N p i
i phase i i

N
i coil

ψ

ϕ

= ⋅ = ⋅ ⋅

= ⋅
  

(i=2, 3)  

Eq.4 

Finally, the self-permeance and mutual-
permeance are calculated as: 

ϕϕ= =⋅ ⋅
1_ _1

1 1_
1 1
  and  i coilcoil

ip pN i N i  

    After the simulation in ANSYS, the wave-form 
of the permeance is shown in Figure 5. On one 
hand, the variation of self-permeance of classical 
distribution (∆p=3x10-5Wb/A) is more significant 
than non-classical distribution (∆p=1x10-5Wb/A), 
and the value is about 3 times. On the other 
hand, the variation of the mutual-permeance of 
classical distribution (∆p12=∆p13=∆p23=0.48x10-
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6Wb/A) is less significant than non-classical 
distribution (∆pii=1.33x10-6Wb/A, i=1,2,3), the 
value is about 0.36 times. 

 

(a) 

 

(b) 

 

 (c)  
Figure 5: the self-permeance and mutual-
permeance for the effective current density 
JS=7.07A/mm² (a) self-permeance of classical 
and non-classical distribution current (b) mutual-
permeance of classical distribution (c) mutual-
permeance of non-classical distribution. 
 

IV. Output torque and torque ripple 
    
 The magnetic energy is stocked in the air gap of 
SRM, and the torque can be computed from the 
co-energy derivative with θ (angular position of 
rotor) as [5]: 

'( , )
( , ) |

W i
T i

i const
θθ

θ
∂= =∂

 Eq. 5 

Where W’(θ,i) is a function of the angular 
positions of the rotor and the current i, and that is 
computed without saturation as: 

θ θ θ θ

θ θ θ

= ⋅ + ⋅ + ⋅ +

⋅ ⋅ + ⋅ ⋅ + ⋅ ⋅

2 2 2 2 2 2
1 1 2 2 3 3

2 2 2

1 2 1 3 2 3
12 13 23

1 1 1'( , ) ( ) ( ) ( )2 2 2

( ) ( ) ( )

W i N p i N p i N p i

N N Ni i i i i ip p p

 
Eq.6 

Finally, the expression of torque is obtained as: 
θθ θθ

θ θ θ

θ θθ
θ θ θ

∂∂ ∂= ⋅ + ⋅ + ⋅
∂ ∂ ∂

∂ ∂∂
+ ⋅ ⋅ + ⋅ ⋅ + ⋅ ⋅

∂ ∂ ∂

22 2
2 2 231 2
1 2 3

2 22

13 2312
1 2 1 3 2 3

( )( ) ( )1 1 1( , ) 2 2 2

( ) ( )( )

N pN p N p
T i i i i

N NN
p pp

i i i i i i

 

Eq.7 

Where Li/N² = pi, N²/Mii = pii, (i=1, 2, 3), pi and pii 
are respectively the self-permeance and mutual-
permeance. From the Eq.7, the torque is 
determined by the variations of the self and 
mutual-permeance. As we have discussed in 
part-III, the non-classical distribution SRM 
utilises the mutual-inductance rather than self-
inductance to produce the output torque [6].    
This is opposite to the classical current 
distribution of SRM. The numerical results from 
ANSYS like the wave-form of the average torque 
and the wave-form of the instantaneous output 
torque are shown in the Figure 6 and in the 
Figure 7, respectively. 

 

Figure 6: Average torque versus RMS current 
density of the two different types of current 
distribution at the stack length equals to 60mm  

 

(a) Instantaneous torque at low current 
density 
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(b) Instantaneous torque at high current 
density 

Figure 7: Instantaneous out-put torque of the two 
different types of current distribution at (a) the 
RMS current density JS=7.07A/mm² and at (b) 
the RMS current density JS=43.8A/mm² 
 

The ratio of torque ripple is computed as: 

max minT TT
T av

−
∆ =  Eq. 8 

Where Tmax is the maximum torque, Tmin is the 
minimum torque and Tav is the average torque. 
    In Figure 8, the non-classical current 
distribution of SRM has more torque ripple than 
the classical current distribution at low average 
out-put torque (low current density). With the 
increase of current density, the torque ripple of 
two machines is not important. 
 

 
(a) Classical current distribution 

 
 
 

 

(b) Non-classical current distribution 

Figure 8: Ratio of torque ripple versus average 
out-put torque 

    
    As seen, when the current density is low, for 
example, JS=7A/mm², the self and mutual-
inductance are unsaturated, the difference of 
output average torque is not significant, the 
average torque of non-classical distribution 
(T=1.15Nm) is only 5% greater than the classical 
distribution (1.09Nm). At the same time, the ratio 
of torque ripple of the non-classical distribution is 
1.7 which is 6.8 times greater than that of the 
classical distribution, the last whose torque ripple 
is only 0.25. When the RMS current density 
increases, as we have discussed in part-II, the 
non-classical current distribution machine begins 
to saturate, the variations of the self and mutual-
inductance become poor, which leads to a lower 
out-put average torque. Because of the non-
sensitive characteristic to the increase of current 
density, the non-classical current distribution 
machine stays unsaturated. As a result, the 
variations of self and mutual-inductance are 
great, which finally leads to a higher out-put 
average torque. The more the current density is 
high, the more the out-put average torque of the 
non-classical current distribution is greater than 
that of the classical current distribution machine,  
until the non-classical current distribution 
machine is also saturated, for example, 
JS=43.8A/mm². At JS=43.8A/mm², the out-put 
average torque of non-classical current 
distribution machine (T=14.3Nm) is 61% greater 
than that of classical current distribution machine 
(T=8.9Nm), and the ratio of torque ripple of the 
non-classical distribution (1.55) is only 1.7 times 
greater than that of classical distribution (0.88). 
The high out-put average torque and a relatively 
lower ratio of torque ripple is very useful for the 
starter-generator application. 
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V. Experimental validation on a small 3-
phase Switching Reluctance 
Machine 

    In order to validate our previous assumptions 
and numerical results, we have realized 
experimental test. In our laboratory, the available 
machine is a 3-phase, 6-stator poles and 4-rotor 
poles Switching Reluctance Machine, which is 
shown in Figure 9. It has a stator outer diameter 
of 120mm, a rotor outer diameter of 66mm, an 
axial active length of 60mm, and the nominal out-
put torque of 0.1Nm. In order to compare the 
experimental SRM with the proposed SRM in this 
paper, the curves are normalised (p.u.) and 
plotted in one electrical period. Thus, the two 
SRMs waveforms are similar, but the amplitude 
and the mechanical period of the real values are 
different. The comparisons are shown in Figure 
10 and Figure 11. 

 
Figure 9: Small 3-phase experimental SRM 

 
(a) Torque due to self-inductance 

 
          (b) Torque due to mutual-inductance 

Figure 10: Instantaneous torque (p.u.) versus 
rotor electrical position of the classical current 
distribution SRM at constant current 
 

 
(a) Torque due to self-inductance 

 
(b) Torque due to mutual-inductance 

Figure 11: Instantaneous torque (p.u.) versus 
rotor electrical position of the classical current 
distribution SRM at constant current 

 
Figure 12: Average out-put torque versus 

rotational speed 
 
    After the comparison of the experimental and 
numerical (FE) results, a good agreement was 
observed, thus, the previous conclusions 
obtained from FE results is valid. From the 
Figure 12, we find that the non-classical current 
distribution SRM has a speed range two times 
larger than that of the classical current 
distribution SRM. This is a very attractive 
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advantage for the high speed operation 
(aerospace application). 
 

VI. Conclusion 
 

    The performance of different kinds of current 
distribution for the three-phase SRMs with 24-
slot and 16-pole has been presented in this 
paper. It has shown that the different kinds of 
current distribution have an important influence 
over the performance of SRMs. When SRMs are 
saturated, the output torque of the non-classical 
distribution SRM is much greater than that of the 
classical distribution SRM. This is very useful for 
the starter-generator application (aerospace or 
Hybrid vehicle). At the same time, the torque 
ripple of the non-classical distribution is also 
relatively higher. After our experimental tests, a 
good agreement between the experimental and 
the numerical (FE) results was observed, and the 
non-classical current distribution SRM has a 
speed range two times larger than that of 
classical current distribution. Moreover, a 
prototype of the 3-phase SRM with 24 stator 
poles and 16 rotor poles will be constructed, and 
the optimization will also be done. 
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