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Abstract: Torque generation in reluctance machines is based on the transition of mechanical 
motion of the rotor between aligned and unaligned position. As the rotor moves from unaligned 
to aligned, the inductance increases and the torque generated reduces. At aligned position, the 
torque generated is zero. Beyond aligned position as the rotor rotates from aligned to unaligned 
position a negative torque is generated. Hence, the need to remove current from the currently 
excited phase to the next phase is critical to ensure continuous positive torque generation. Since 
inductance is the function of rotor position it is important to understand the current excursion as 
the inductance varies in order for the controller to be effective, eventually reducing the torque 
ripple and the noise in the reluctance machines.
Index Terms: Inductance, current control, vibrations, rotor angle, stator.

Introduction

Electrical Machines are broadly classified as electro-magnetic (motion produced 
by the interaction of two magnetic fields) and variable reluctance (reluctance in 
the air gap between stator and rotor) based on the operating principle. Electro-
magnetic based machines (in particular to induction motors & DC motors) are 
the work horse of the industry in the past decades even though their operating 
efficiency is not encouraging. Both the induction motor and DC motors drive able 
to be neither good for better dynamic performance nor for higher power density. In 
particular, with low rotation speeds or at standstill, both drive types have problems 
in producing satisfactory torques. Evolution of the modern semiconductor power 
switches and digital technology has opened up new opportunities in the development 
of sophisticated and tailor made electric drives for typical applications. The most 
modern machine drive systems today operate at high speeds, high mechanical 
torque at low speeds with simpler power devices. With the advancement in the 
powder metallurgy more new magnetic material leads to different configurations 
of electrical machines. The newer permanent magnet synchronous motors (PMSM) 
with surface mounted and interior permanent magnets are replacing the induction 
machines. Absence of rotor electrical circuit simplifies the analysis, but requires 
an absolute rotor position sensor in order to maintain the field orientation [1-2]. 
However Increase in annual usage of rare earth magnets has brought about the 
pricing up along with the magnet with high co-ercivity as the additives. For 
high torque density for small rated power applications a reluctance machines are 
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replacing the PMSM. As such is the doubly salient controlled reluctance machine 
(commercially known as Switched Reluctance Motor) utilising stepper motor 
reluctance principle (power range limited to a few hundred watts at maximum) to 
a power range of a few hundred kilowatts. A shaft-position encoder feedback is 
used along with the motor to synchronise the commutation of the phase currents for 
precise rotor position. As the name implies these machine cannot operate without 
the power electronic switches [3-12]. A SR drive system eradicates the commutation 
issues of the conventional universal current motors and at the same time gives better 
dynamic performance than an induction machine. These motors have quite simple 
constructions and their adjustable speed, current and torque features shows that this 
motor are really suitable for variable speed drive applications as in electric cars, 
elevators, centrifugal pumps[13-15] industrial transportation [16-17] and aerospace 
industry [6] [18-20]. SRM is used as generator in wind energy applications [21-23]
and in automotive applications [24-25]. A linear SRM is used in Magnetic levitation 
[26] and more recently in high power density required applications, as in aircraft 
electric motor [27] using soft magnetic composites. A prototype machine with 6/4 
poles is developed and experimentally tested. Figure 1 shows the developed SRM 
machine and the corresponding specification is shown in Table 1. This motor is 
analytically solved using the cyclic integration method and the proposed algorithm 
is tested for evaluations. An SRM with a 6/4-pole combination is considered for 
deriving the analytic procedure for the inductance evaluation.

(a) Half section of a 6/4 SRM

	 	
	 (a) Stator with coil	 (b) Solid Rotor

Figure 1: Wheel slip response with the proposed control algorithm
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Table 1: Prototype Machine Design Specifications

Parameters Values
Number of stator poles (Ps 6
Number of rotor poles 4
Stator pole arc 31
Rotor pole arc 33
Air gap length 0.1 mm
Bore Diameter 39 mm
Stack length 40 mm
Shaft diameter 0.3 mm
Stator back iron thickness 0.7 mm
Height of stator pole 10.8 mm
Height of rotor pole 9.7 mm
Turns per phase 110
Rated current 5
Lamination material M19

Cyclic Integration Method

(a) Cyclic Integration Method Algorithm

The cyclic integration method is based on taking all the flux lines in a stator pole 
face at once. This is done by considering a small portion of this face and taking into 
account its length and radius is integrated to get the inductance on the pole face. 
Two main assumptions are considered in this method namely:
	 1.	 The flux paths are concentric circles for any path longer than air gap.
	 2.	 The stator pole face is approximately flat within the interval of integration.

Based on these assumptions the integration method is performed to calculate 
the total reluctance of the stator pole face. Figure 2 shows the simple cross sectional 
section of the rotor stator interactions positions. This method starts with analysing 
the position of the rotor with respect to the excited stator winding. A small portion 
of the section is analytically computed to set as the initial computation point. The 
flux line as assumed in concentric, ends at the point of half pole pitch and is set as 
the end point. A permeance value is computed within this limit. From the permeance 
value the reluctance is computed through inverting the values. Now the value of the 
reluctance is integrated towards the longitudinal position of the rotor with respect 
to the stator (in this case of 4 rotor poles the end value is 360/4 which is 90°). This 
principle is repeated in the other side of the pole faces also. Once the full reluctance 
is computed the flux, inductance and the torque are calculated as in Equation (3)-(6).
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The permeance (DP) of a small portion is computed as in Equation (1).

	 DP = m
q

ldr
rd

	 (1)

where r is the radius of the region and l is the length of the region.
The permeance Pradial for an entire bounded region is then derived using the 

Equation (2).

	 Pradial = m
q

ldr
rdll

ul

Ú 	 (2)

where ul is the upper limit and ll is the lower limit.

Figure 2: Cyclic integration method principles

The reluctance of the bounded region Rradial can then be calculated using 
Equation (3).

	 Rradial = 1
Pradial

	 (3)

Total reluctance (R) of the stator pole face selected is calculated using Equation (4).

	 R = Rradial0

4p/

Ú 	 (4)

The inductance is calculated for rotor positions in relation to the stator. For 
this method, the flux maps selected are for when the rotor positions are at fully 
unaligned position, fully aligned positions and intermediate positions such as that 
for partial conditions. From the reluctance is computed the flux (j) is calculated 
and from the flux the torque of the machine under static condition is calculated 
using the Equation (5).

	 j(q, i) = L(q, i)i	 (5)
where q and L(q, i) are the rotor angular position and the phase inductance, 
respectively. Figure 3 shows the generalized inductance curve for various positions 
of the rotor. From the inductance characteristic the slope of the inductance is 
computed and the torque of the machine is calculated using Equation (6).
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	 T = 1
2

2d
d

iL
q

w 	 (6)

Figure 3: Inductance characteristics for various rotor positions

Current Excursion Computations

(b) Unaligned Computations

(a) Flux lines in unaligned conditions

(b) Calculation limit under unaligned conditions
Figure 5: Unaligned calculations
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Permeance of the small portion shaded grey

	 DP = m
q

ldr
rd

	 (7)

Permeance of the entire flux path bounded for is given as

	 Pradial =	 m
q

ldr
rd

Ê
ËÁ

ˆ
¯̃Ú4 8084

9 7826

.

.
	 (8)

	 Pradial =	 m
q

l
d

( . )0 710241 	 (9)

	 R =	 d
l

q
m

p

( . )
/

0 7102410

4

Ú 	 (10)

	 L2 =	 Tph ¥ ∆
i

	 (11)

(c) Aligned Computations

(a) Flux lines in aligned conditions

(b) Calculation limit under aligned conditions
Figure 6: Aligned calculations

Region 1: The limit of the angle is 0 to p while that of the radius is (coil clearance 
+ air gap) = 0.6 mm to air gap = 0.1 mm
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	 Pradial =	 m
q

ldr
rd

Ê
ËÁ

ˆ
¯̃Ú0 1

0 6

.

.
		  (12)

	 mmf =	2(LspHsp + LspHsp) + LsyHsy + LryHry + 2Rf	 (13)

	 Rradial =	 d
l

q
m ( . )1 79176

		  (14)

	 R =	 d
l dr

q
m

p

( )0Ú 		  (15)

	 L2 =	 Tph ¥ ∆
i

		  (16)

Region 2

	 Rg =	 lg
mAg

	 (17)

	 Ag =	
A Asp rp+

2
	 (18)

(d) Intermediate Computations

(a) Flux lines in intermediate conditions

(b) Calculation limit under partial overlap conditions
Figure 7: Partial aligned calculations
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Region 1: The limit of the angle is 0 to p while that of the radius is (coil clearance 
+ air gap) = 0.6 mm to air gap = 0.1 mm

	 Pradial =	 m
q

m
q

ldr
rd

l
d

Ê
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ˆ
¯̃

=Ú ( . )
.

. 3 9275
0 1

5 078
	 (20)

	 Rradial =	 1
3 9275Pradial

= d
l

q
m ( . )

	 (21)

	 R =	 d
l

q
m ( . )

.

3 92750

1 3003

Ú 	 (22)

Region 2:

	 Pradial = lg
mAg

	 (23)

Region 3:

	 Pradial =	 m
q

m
q

ldr
rd

l
d

Ê
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ˆ
¯̃
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.
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0 1

0 6
	 (24)

	 Rradial =	 1
1 79176Pradial

= d
l

q
m ( . )

	 (25)

	 R =	 d
l

q
m

p

( . )
/

1 791760

2

Ú 	 (26)

Region 1: The limit of the angle is 0 to p while that of the radius is (coil clearance 
+ air gap) = 0.6 mm to air gap = 0.1 mm

	 Pradial = m
q

ldr
rd

Ê
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ˆ
¯̃Ú0 1

0 6

.

.
	 (27)

Results and Discussions

Table 2 shows the computations of the inductance values at various positions using 
the cyclic integration method. In the intermediate position the flux lines are divided 
into several flux lines and is used for the analysis of the machines.

Table 2: Inductance Values at Various Positions

Position Inductance Value (mH)
0 1.3443
10 1.1299
20 4.2734
30 8.6633
40 13.097
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Position Inductance Value (mH)
50 16.233
60 13.097
70 8.663
80 4.2734
90 1.1299

Table 3: Comparative Evaluations

 Experimental FEA CIM
Unaligned (mH) 1.3443 1.1 1.4518
Aligned (mH) 16.3 14.6 15.39 
Slope 0.023 0.025 0.0239
Average Torque (Nm) 0.287 0.28 0.299 

Tables, Figures, Equations

Conclusion

Cyclic Integration method for computing the current extrusion through the 
inductance is introduced and is used to anlayse for the prototyped machine. 
Comparison of the experimental design under laboratory environment is compared 
with that of the proposed method. Also using FEA tool the machine is analysed 
to confirm the effectiveness of the proposed method. Since in reluctance machine 
there is no secondary energy source is involved the computations are relatively 
simpler compared to that of the dual energy excited systems.
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