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Abstract: In this paper an algorithm is developed to predict the maximum and minimum 
inductance of an optimized pole arc of a fabricated double salient reluctance machine (DSRM). 
The developed analytical algorithm investigates the air gap length at the maximum and 
minimum inductances. These are achieved through the machine rotor pole arc, stator pole arc, 
bore diameter, back iron thickness, rotor yoke thickness, stack length, and rotor pole diameter. 
The validity of the newly developed analytical procedures for predicting the maximum and 
minimum inductances was evaluated using the measurements obtained from the machine 
prototype. There was a good correlation between the analytical and experimental results. 
Inductances and air gap lengths of 2/2 DSRM of equal stator and rotor pole width and stator 
pole width greater than the rotor pole width were investigated and analyzed using the 
developed algorithm. A second existing DSRM with different numbers of stator and rotor poles 
whose inductances have been known and compared with finite element analysis (FEA) is 
chosen to verify the algorithm developed. The 2/2 DSRM’s potential to sustain oscillation 
during energy conversion from mechanical energy to electrical energy is investigated.   

Keywords: Maximum and minimum inductance, Double salient reluctance machine, Developed 
analytical algorithm, Experimental results, Finite element analysis, Oscillation 

1. Introduction
Machines that exhibit double salient structures are switched reluctance machines,

permanent magnet machines, hybrid machines and variable stepper motor machines. The 
maximum and minimum inductance of switched reluctance machines with reference to rotor 
positions are investigated analytically in [1]–[4]. In [5], the discussion is om the unaligned 
inductance and saliency ratio when choosing the design ratios for switched reluctance machine 
design. The applications of switched reluctance machines as motors are found in [6]-[10] and 
as generator in [11] - [13]. The electromagnetic calculation of a 4/2 doubly salient machine was 
computed using winding function analysis in [14]. 
 The size of the air gap determines the performance of the electromechanical devices in [15].  
The air gap modeling and experimental evaluation are discussed in [16] and [17]. The air gap 
length is a factor that determines the loss of the magnetic flux between the rotor and stator 
circuits. Increasing the air gap leads to a corresponding increase in reluctance, flux fringing, 
and vice versa [18]. A small air gap results in low reluctance and high magnetic flux. These 
characteristics make the machine more efficient with higher power, as discussed in [19] and 
[20]. A large air gap length is required in a synchronous machine to decrease leakage 
reactance, increase the load capacity, improve the cooling, reduce noise, and decrease the 
unbalanced magnetic pull owing to non-uniform air gaps in the shortest air gap [21]. 
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 Many techniques have been proposed for measuring inductances. The calculation of 
inductance and torque of a synchronous reluctance machine with an axially laminated 
anisotropic rotor using a winding theory was determined in [22]. The authors in [23] used 
winding function analysis and two-dimensional finite element analysis to calculate the 
electromagnetic torque and inductances of a synchronous reluctance machine under linear 
conditions. An accurate method for determining winding inductances of a two-phase stator 
winding is presented in [24]. The inductance is obtained using the finite element method in 
[25].       
 The double salient reluctance machine exhibits saliency in both the rotor and stator cores. 
The air gap separates the rotor and the stator core. The salient rotor poles do not have 
windings, whereas the salient stator poles have concentrated coils.  A 2.20 kW of 230 V is 
designed and fabricated with 16 SWG wounds around the stator pole. This is a special salient 
machine, with the number of stator poles equal to the number of rotor poles. Initially, analytical 
expressions are developed to predict the air gap lengths, maximum inductance (Lmax), and 
minimum inductance (Lmin) of the machine. The DSRM is further subjected to a laboratory 
investigation of its inductance. The proposed analytical algorithm developed is compared to the 
laboratory results for validation.  

2. Developed Analytical Algorithm
The novel approach is used to develop an analytical algorithm for predicting 2/2 DSRM air

gap lengths and their inductances. The angles subtended by the rotor pole and stator pole at the 
edges, bore radius Rsp, and rotor pole radius Rrp are shown in Figure. 1. In this DSRM the 
rotor width is larger than the stator width. The air gap length when the stator and rotor pole are 
in aligned position is investigated, leading to the prediction of the maximum and minimum 
inductances. 
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Figure 1. 2/2 DSRM geometric dimensions and the angles when Br > Bs 

The triangle ACOA in Figure 2 is obtained from Figure 1 
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Figure 2. Triangle ACOA 

 
From triangle ACOA: 
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where Lg is the air gap length at maximum inductance when both stator and rotor pole are in 
aligned position, Rsp is the radius of the stator pole, Br is the rotor pole arc and Bs is the stator 
pole arc in degree 
 From equation (2), the length of the air gap when both the stator and rotor poles are aligned 
is given by: 
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The maximum inductance is expressed as: 
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where 74 10 /o H mµ π −= ×  is the permeability of free space, rpW  is the rotor pole width 

(mm), tphN  is the number of turns per phase and stL  is the stack length (mm) 
 
The minimum inductance is expressed as: 
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where rph  is the rotor pole height (mm) and g is the air gap between the stator and the rotor 
(mm)  
 The DSRM air gap length when the rotor pole width is equal to the stator pole width is 
shown in Figure 3. 
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Figure 3. DSRM with stator width equal to the rotor width 

 
 The air gap length at maximum inductance when the stator pole width and the rotor pole 
width are the same is expressed from Figure 3 

 
1 2
2 g sp rp gL R R g then L g= − = =   (6) 

where rpR  is the radius of the rotor pole (mm) 
 For further investigation on the condition that the stator pole width is larger than the rotor 
pole width, the air gap length at maximum inductance can be obtained from Figure 4. 
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Figure 4. DSRM with stator pole width greater than the rotor pole width 
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Figure 5 is obtained from Figure 4. 
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Using the cosine formula: 
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 Equation (7) is re-arranged to make Lg the subject of formula which is the air gap length at 
maximum inductance 
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The inductance as a function of rotor position is defined as: 
 ( ) (1 cos( ))r o r rL L m Pθ θ= +  (9) 
where Lo is the average inductance which is half the sum of the maximum and minimum 
inductance, Өr is the rotor position and m is the inductance modulation index. Inductance 
modulation is defined as:  
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The maximum inductance of DSRM with Ps/Pr where Ps is greater than Pr is expressed as: 
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The minimum inductance of DSRM with Ps/Pr where Ps is greater than Pr is expressed as: 
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where Ps and Pr are number of stator and rotor poles respectively 
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3. Geometric dimensions of DSRM  
A. Geometric dimensions of 2/2 DSRM 

The geometric dimensions of the 2/2 DSRM are shown in Table 1  
  

 Table 1. 2/2 DSRM dimensions 
Symbol Description Values 

osD  
Outer stator diameter 194 mm 

spD
 

Diameter of the stator pole (bore 
diameter) 

100 mm 

spnh
 

Stator pole height 19.07 mm 

syW
 

Stator  yoke width (back iron thickness) 27.92 mm 

spW
 

Stator pole width 42.26 mm 

rpD
 

Diameter of the rotor pole 99 mm 

sβ  
Stator pole arc 50 degr. 

rβ  
Rotor pole arc 52 degr. 

rP  
Number of rotor poles 2 

sP  
Number of stator poles 2 

shD  
Shaft diameter 28 mm 

rph
 

Rotor pole height 18.05 mm 

ryW
 

Rotor yoke width 17.45 mm 

rpW
 

Width of the rotor pole 43.39 mm 

tphN
 

Number of turns per phase 68 

stL  
Stack length 70 mm 

 
B. Geometric dimensions of 8/6 DSRM 
  

Table 2. 8/6 DSRM dimensions [1] 
Symbol Description Values 

sβ  
Stator pole arc 18 degr. 

rβ  
Rotor pole arc 22 degr. 

g  Air gap  0.5  mm 

rph
 

Rotor pole height 19.8 mm 

rpD
 

Diameter of the rotor pole 100.6 mm 

stL  
Stack length 200 mm 

tphN
 

Number of turns per phase 154 

rP  
Number of rotor poles 6 

sP  
Number of stator poles 8 
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 In order to know whether the developed algorithm can be used to predict other double 
salient machines with different number of stator and rotor poles, an existing double salient 
machine whose inductances are known through finite element analysis is investigated. The 
geometric dimensions of the existing or second machine of 8/6 DSRM are shown in Table 2. 
 
C. Fabrication of 2/2 DSRM 
 The fabricated double salient reluctance machine with a rotor pole and stator pole winding 
is shown in Figure 6. The rotor position is at 90o. 
 

 
Figure 6. Rotor position at 90 degrees 

 
D. Simulation result of 2/2 DSRM  
 The simulation result of 2/2 DSRM inductance is shown in Figure 7 
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Figure 7. 2/2 DSRM simulation result 
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4.  Experimental set up 
A. Experimental set up for inductance measurement 
 The experimental set up for inductance measurement with reference to rotor position is 
shown in Figure 8. 
 

 
Figure 8. Experimental set up for inductance measurement using LCR meter 

 
B. Experimental set up of 2/2 DSRM for oscillation 
 Figure 9 shows the experimental set up of 2/2 DSRM. The DSRM is coupled with a shunt 
direct current (dc) motor which acts as a prime mover. The control circuit is then connected to 
the shunt dc motor. The potential of 2/2 DSRM to sustain oscillation is investigated by 
connecting oscilloscope to the two terminals of the stator coil. When the control circuit is 
switched on, the dc shunt motor begins to rotate thereby setting up the 2/2 DSRM into running 
operation.  
 

 
Figure 9. Experimental set up of 2/2 DSRM for sustain of oscillation 
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5. Results and discussion 
  The experimental results of inductance obtained from the 2/2 DSRM at different rotor 
positions are shown in Table 3 
 
Laboratory inductance measurement with reference to rotor positions 
 

Table 3. 2/2 DSRM Inductance at different rotor position 
Өr 

(degr.) 
L (mH) Өr 

(degr.) 
L (mH) Өr 

(degr.) 
L (mH) Өr 

(degr.) 
L (mH) 

0 7,89 90 0.97 150 3.22 250 1.08 
15 6.68 95 0.97 165 5.28 255 1.02 
30 4.58 100 0.96 180 7.09 270 0.98 
45 2.79 105 0.96 185 7.48 285 0.97 
60 1.19 110 0.96 190 7.71 300 1.09 
65 1.09 115 0.99 195 7.55 315 2.69 
70 1.04 120 1.00 210 6.07 330 4.87 
75 1.01 125 1.04 225 4.03 345 6.49 
80 0.99 130 1.18 240 1.54 360 7.89 
85 0.98 135 1.33 245 1.15   

 
 
Analytical and experimental results of 2/2 DSRM 
 The analytical and experimental results of 2/2 DSRM inductance, ratio of maximum 
inductance to minimum inductance and the difference between the maximum and minimum 
inductance are compared and shown in Table 4. The air gap length at maximum inductance is 
2.24 mm while the air gap length at minimum inductance is 18.55 mm. The experimental and 
analytical results are in good correlation. 
 

Table 4. 2/2 DSRM inductance and Lmax/Lmin 
 Lmax Lmin Lmax/Lmin Lmax – Lmin 
Experimental result 7.86 mH 0.95 mH 8.27 6.91 mH 
Analytical result 7.89 mH 0.97 mH 8.13 6.92 mH 
 
Analytical and Finite Element Analysis of an existing 8/6 DSRM 
 The validation of the proposed analytical algorithm for 8/6 DSRM inductances with known 
results from the finite element analysis (FEA) that are shown in Table 5. The results are in 
good agreement 
 

Table 5. 8/6 DSRM inductance 
Inductance Finite Element Analysis Analytical 
Lmax (mH) 65.41 66.70 
Lmin (mH) 11.35 11.27 

 
Inductance profile 
 The inductance profile of the 2/2 DSRM at different rotor positions from the experimental 
data and calculated results are shown in Figure 10. This is the topology of the fabricated 2/2 
DSRM inductance profile. The DSRM maximum inductance at 180 degree is slightly different 
from the analytical due to inaccuracy of the manufacturer during manufacturing process which 
lead to slightly non-alignment of the shaft and its effect is seen in output waveform. The 
minimum inductance is observed at 90 and 270 degrees while the maximum inductance is 
observed at 0 and 360 degrees. 
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Figure 10. 2/2 DSRM Inductance profile 

 
Result of the 2/2 DSRM experimental set up 
 The oscilloscope displayed induced voltage wave form across the stator coil whose 
magnitude depends on the speed of the dc shunt motor. When the dc shunt motor speed is 100 
rpm, the 2/2 DSRM converted mechanical energy into electrical energy. The inductance 
voltage at that speed is 30 volts.  The machine has the potential to sustain oscillation. This is 
shown in Figure 11. 
 

 
Figure 11. Oscilloscope display of inductance voltage wave form across 2/2 DSRM stator coil 

 
Effect of ratio of maximum to minimum inductance on the differences between the rotor and 
stator pole arcs 
 The ratio of the maximum inductance to the minimum inductance versus the air gap length 
for different stator and rotor pole arcs of 2/2 DSRM is shown in Figure 12. When the stator and 
rotor pole arcs are the same, (Br=Bs), the ratio (Lmax/Lmin) is high. The value of air gap 
length at that point is 1 mm. When the rotor pole arc is greater than the stator pole arc (Br > 
Bs), the air gap length is 2.4 mm. As the stator pole arc is greater than the rotor pole arc (Bs > 
Br), the air gap length is 9 mm.  
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Figure 12. Lmax/Lmin versus Lg-max 

 
 Figure 13 shows that the air gap length at maximum inductance depends on the difference 
between the stator pole arc and the stator pole arc. The greater the change in the stator and 
rotor pole arcs , the higher is the air gap length. 
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Figure 13. Lg-max versus (Br-Bs)/2 of 2/2 DSRM 

 
As the maximum inductance increases, the air gap length decreases. This is illustrated in Figure 
14. 
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Figure 14. Lmax versus Lg-max 

 
 The rotor pitch ratios of the different DSRM configurations versus the rotor pole arcs are 
shown in Figure 15. A machine with a high pole arc has a low pole-pitch ratio.  
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Figure 15. Pole pitch ratio versus rotor pole arc 

 
6. Conclusion 
 The results of the validation of the proposed analytical algorithm developed to predict the 
air gap length and the maximum and minimum inductance of the double salient reluctance 
machine are in good agreement with the experimental results.  The maximum and minimum 
inductance of 2/2 DSRM with rotor pole width greater than stator pole width, rotor pole width 
less than stator pole width and rotor pole width equal to stator pole width are investigated. 
DSRM with a small difference between the rotor pole arc and the stator pole arc has the 
potential to produce a high ratio of maximum inductance to minimum inductance To validate 
the newly developed analytical algorithm, the results of the finite element analysis of the 
maximum and minimum inductance of an existing 8/6 DSRM is compared with our proposed 
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analytical method and both are in good correlation. The fabricated 2/2 DSRM configuration 
has the potential to generate and sustain oscillations.       
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