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ABSTRACT 

s面tched reluctance motor (SRM) is a doubly-salient motor usually having 

concentrated windings on the stator poles. The rotor is made out of soffi magnetic material 

and doesn't have any 面nding or permanent magnets on it. It has the advantages of rugged 

construction, high effficiency and tailored torque-speed characteristics. Compared to an 

induction motor, SRM has higher power density and higher staring torque. The absence of 

cogging and crawling torques gives the advantage of fast dynamic response for the SRM 

with respect to the permanent magnet brushless dc (PM BLDC) motor and induction 

motor. Unipolar drive requirement in the SRM in comparison to the bipolar drive in the 

PM BLDC motor makes the converter immune to shoot through fault. The drawbacks of 

this motor are the necessity of a rotor position sensor and presence of large torque ripple. 

Research is going on worldwide to get rid of these drawbacks by having a sensorless 

operation and reduced torque ripple either by appropriately designing the tooth geometry 

or by suitable control methods. Research aimed at improving the performance indices like 

torque-to-volume, torque-to-power and torque-to-mass ratios is also ON. SRM is 

considered a good alternative to conventional and PM BLDC motors in the domestic 

applications like washing machine, vacuum cleaner, electric vehicle, robotics, and also in 

aerospace and industrial drives. Doubly-salient permanent magnet motor (DSPM) is the 

latest addition in the category of brushless motors. In a DSPM motor, the magnets are 

located on the stator, eliminating the problems of demagnetization and also the assembly 

related issues for higトspeed applications. Still, it has the inherent advantages of PM 

BLDC motors such as high effficiency and power density. Rotor of the DSPM motor is 

similar to that of an SRM, providing the advantages of simple construction and robustness. 

A comprehensive literature survey on these motors leads to the opportunities for 
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developing better design concepts for these motors for achieving compact and efficient 

designs. 

Calculating the outer dimensions based on available standards for the induction 

motors, accurate estimation of the flux-linkage and inductance characteristics for v面ous 

rotor positions and excitations, loss calculation based on the actual excitation, and 

computing the actual torque proffile of the motor based on the actual phase excitations are 

some of the requirements towards better designs of SRM. For the calculation of the 

average torque of the motor a new concept of best step angle is presented in this thesis. 

Invariably, in all the literature related to the design ofmulti-phase SRM, the unaligned and 

aligned flux-linkage characteristics only are considered in calculating the torque, and 

thereby assuming that all the torque developed over this half-cycle period of the static 

torque proffile is available as the output torque from the phase. This is not true as the phase 

excitation generally exists only for a step angle, which happens to be only one-third of one 

cycle of the static torque proffile in case of the 6/4 SRM (which is 300), and one-fourth of 

one cycle of the static torque proffile in case of the 8/6 SRM (which is i 50). The 

commutation aspects needing excitation for a little more time to raise or commutate the 

current need not be misunderstood as the phase excitation for a longer period as these will 

keep on changing based on the varying speed and torque requirements. To ai田ve at a 

situation that the sequential excitations of the phases of the SRM really results in the 

highest possible average torque having low ripple content for the same phase currents, the 

phase excitation should ideally start fflom the rotor position when approaching rotor pole 

just starts overlapping with the stator pole that is going to be excited. 

From the experience obtained after conducting several ffinite element (FE) analyses 

of the multi-phase SRM, it is observed that for the calculation of actual flux-linkage 
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characteristics, the rotor position for the half rotor pole pitch 一 fflom the 飼ly aligned to 

fully unaligned-can be divided in to three possible regions viz. (i) fully unaligned to 

starting of the pole over lap, (ii) partial pole over lap to full pole overlap and (iii) fflom 

pole overlap to fully aligned condition. These three regions are identiffied in such a 

that each one of these can be accurately modeled using a predetermined 	of flux 

tubes, which is decided 雄er analyzing the flux plots of the motor obtained fflom the FE 

analysis for all rotor positions and various excitations. Core loss calculated based on the 

actual waveform of flux in various parts of the motor and the copper loss based on the 

actual 	waveform considering the ffinite rise and fall time gives more accurate 

results than the core loss calculated based on the assumption of triangular flux in stator 

pole and hence gives more accurate estimation of effficiency of the motor. 

Putting all these information together, a computer aided design (CAD) program for 

the design of multi-phase SRM is developed in this work. A GA based optimization 

technique has been explored for the design optimization of the SRM and a compact motor 

for the same torque has been obtained. For the constant stator and rotor pole arcs, increase 

in the number of variables increases the torqueんolume of the motor. The designs obtained 

fflom the CAD program as well as the GA based optimized ones are veriffied using the two- 

dimensional (2-D) FE analyses. 

It is observed that the SRM having maximum aligned to unaligned inductance ratio 

is not always giving the highest developed torque due to the fact that the actual inductance 

variations in between the fully aligned and unaligned positions also do play a major role in 

deciding the average and ripple torques. Considering the importance of effect of stator and 

rotor pole geometry on the torque production of the SRM, an extensive 2-D FE analysis is 
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carried out on a typical 8/6 SRM with various tooth shapes of the stator and rotor. The 

study shows that for the dovetail kind of the stator or rotor pole, the optimum values of the 

rotor outer pole arc and the stator inner pole arc in cases ofthe analyzed motor are 300 and 

250 respectively. For this motor, the optimum values of the rotor and stator outer pole arc 

are 280 and 20.20, when the pole geometry in both the cases is parallel-sided. Harmonic 

analysis of static torque for optimum pole arcs shows that the optimum values of the pole 

arcs will give more average and fundamental torque with reduced ripple and harmonic 

torques in both the cases. With the increase in the stator or rotor pole arc, the value of the 

unaligned and aligned inductance increases. Novel pole shapes like the slanted stator pole 

having flattened pole face and the noncircular stator pole face with varying airgap under a 

pole for the SRM are also investigated. FE analysis of the motor with such pole geometry 

shows that the torque developed by both of these poles is higher for the unidirectional 

operation. For a typical 8/6 SRM considered in this work, for a slant of 50 on the stator 

pole face, the average torque goes up to i i .84 Nm and for an airgap having a 30% lift on 

one side, the average torque goes up to 9.88 Nm fflom the nominal value of 9.41 Nm. But 

in both the cases, the ripple content in the developed torque goes up. 

The analysis conducted to study the effects of airgap nonuniformity on the 

performance of the multi-phase SRM has revealed that with the increase in concentricity 

error in the positive d妙ction, the average to現ue and to円ue ri即le increase. For the 

positive concentricity error, the motor with the elliptical rotor produces 	average 

torque compared to the motor having error in one half of the rotor, but with higher ripple. 

The airgap nonuniformity caused by the relative eccentricity between the stator and rotor 

axes 面11 result in higher fundamental torque and higher average torque in SRM but 面th 

higher ripple. The rate of increase in average torque is more for relative eccentricity more 
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than 25%, but with drastic increase in the ripple content. The airgap nonuniformity 

changes the static torque characteristics of the different phases of the motor, so an accurate 

of the static torque characteristics of the motor 

must be measured and used in arriving at appropriate logic 

fo
r 	

fo
r 

all the phases separately 

the reliable and accurate 

pe雨rmance ofthe motor. Airgap nonuniformity 面11 lead to more noise and vibration. 

Being a very promising motor for future robotic and industrial applications where 

special torque versus rotor position characteristics is required, the DSPM motor also needs 

careful investigations. In this work, a CAD program for the design of multi-phase DSPM 

motor has been developed. A new factor for incorporating the effects of the stator poles 

having different proximity with the permanent magnets is suggested and added in the 

power equation considered in the CAD program. Two i hp, 6/4 DSPM motors-one with a 

normal rotor and the other with a skewed rotor-are designed using the developed CAD 

program and the design output data are validated for both the motors using 2-D and 3-D 

FE analyses. 

An extensive FE analysis has been carried out to study the effects of fault in phase 

winding on the performance of both the doubly salient motors. The analysis revealed that 

the inter-turn fault reduces the average torque and phase inductance with an increase in the 

ripple content in both the doubly salient motors. The DSPM motor has an inherent 

advantage of partial withstand to inter-turn faults. The study on the effect of phase to 

phase fault indicates that it reduces the average torque and increases the torque ripple in 

both the motors, but the phase independence makes SRM more immune to such faults. 

When one of the phases of the 8/6 SRM is open-circuited, then the reduction in the 

average torque is 25%, while in case of 6/4 DSPM motor it is 66%. The phase 

independence of SRM makes it more immune to open phase fault. 
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Some investigations are also carried out on v面ous methods such as skewing of the 

rotor, appropriate excitation proffiles,and tapered rotor poles for the improvement of 

performance of the multi-phase DSPM motors using 2-D and 3-D FE analyses. The 

analysis shows that in case of the typical 8/6 DSPM motor, skewing the rotor 句120to 150 

will lead to minimum detent torque and reduced torque ripple without much reduction in 

the torque capability of the motor and a combination of sinusoidal excitation and rotor 

skew angle of 120 to 150 will lead to further reduction in the torque ripple and 

improvement in the torque proffile. The results of a 3-D FE analysis carried out on the 

same motor shows that at all rotor skew angles, the sinusoidal stator excitation with two- 

phase excitation mode is giving more average torque in comp耐son to the rectangular 

current excitation; this is also true for lesser torque ripple if the skew angles less than 240. 

This analysis also indicates that rotor ske面ng reduces the phase flux-linkage and for the 

skew angle more than halfofrotor pole pitch the amount oftiux-linkage is very small with 

negligible variation. Skewing the rotor also reduces the difference between the phase 

inductance when phase excitation is aiding or opposing the permanent magnet excitation. 

The 2-D analysis carried out to study the effect of rotor pole tapering shows that the 

tapered rotor pole gives higher average torque than the parallel sided rotor poles for 8/6 

DSPM motor. The maximum average torque in both the cases, occur when the stator inner 

and the rotor outer pole arcs are same, with the reduced torque ripple for tapered rotor 

pole. For the analyzed 8/6 DSPM motor, for rotor outer pole arcs of less than the optimum 

220, the tapered c ase is better; at 1 50 pole arc, the average torque developed by the motor 

is 14.8% higher than the corresponding value of parallel-sided case. The analysis also 

reveals that DSPM motor is immune to the type of restrictions like requirement of larger 

rotor pole arc compared to the stator pole arc prevalent in SRM for having non-zero torque 

zones. 
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