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Abstract: The utility of PM-BLDC machines is extending its tentacles in industrial arena. The key features of BLDC 

machines include high starting torque density and extending speed range, though the cogging torque is a threat for its 

performance. Various techniques have been devised to minimize cogging torque, out of which two approaches Bifurcation and 

Slot Opening methods have been focused in this paper. Usage of SPEED Software in comparing the reduction of cogging 

torque for the above two techniques is the highlight of this paper. 
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1. Introduction 

Permanent-Magnet BLDC machines are propelled in 

industrial applications and the lack of sliding contacts makes 

them reliable and their characteristics make them suitable for 

sensor less drive applications [2], [3]. 

Nevertheless, they are affected by a few drawbacks such 

as high costs of PM materials and cogging torque which 

lowers torque quality and affects smooth running of the 

machine, producing vibrations, ripples in output torque and 

mechanical noise. In these machines, Internal Permanent 

Magnet machines show better performance in flux 

weakening operation [4] and achieve higher flux density due 

to the small air gap that allows imposing a magnetizing 

current effectively but have higher torque ripple and many 

design issues compared to Surface Permanent Magnet 

machines [5], [2]. 

Load torque comprises cogging torque ripple and the load 

torque. The cogging torque reduction methods can be 

obtained from analytical expression (derived by the energy 

method and the Fourier series analysis) or by FEA 

simulations. This paper presents the analysis and comparison 

of different low cost cogging torque reduction methods 

which can be practically applied to IPM machines. The peak-

to-peak torque ripple of the cogging torque, peak-to-peak 

rated torque profile, mean value of rated torque and 

efficiency will be used as index values to compare and 

evaluate the different methods [6] by FEA simulation on a 

known 4-pole machine, used as a test bed to identify the most 

effective ones for a given starting geometry. 

 

Fig. 1. Motor Simulation in SPEED considered for the Project. 

2. Cogging Torque 

Cogging torque is caused by the alignment of stator and 
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rotor at low speeds and produced by the force of attraction 

between the stator teeth and PM rotor. This is torque which is 

present even without excitation. A descriptive equation 

according to the definition is given as, 

Tcogg = - (
��

��
). 

Cogging torque produces zero net work, but it acts as a 

disturbance superimposed on the electromagnetic torque 

generated during machine operation and the cogging torque 

period is linked with the number of slots and poles. 

3. Cogging Torque Reduction Methods 

This paper presents cogging torque reduction methods for 

the commercial and military grade machines with less cost 

and effective means i.e., Bifurcation with reduced Tooth 

Width (TW) and Slot Opening (SO) variations 

A. Reduced Stator Tooth with Bifurcation 

This is one of the methods in reducing cogging torque in 

BLDC motors i.e. the reduction of stator tooth with 

bifurcation [1]. 

 

Fig. 2. Reduced Stator TW and Bifurcation modification to Original Motor. 

In fig (a), the original stator slots have been showed. In 

this case, the reluctance variation with respect to the rotor 

rotation is large and the cogging torque produced is also very 

large. The magnitude of cogging torque depends on the 

variation of reluctance w.r.t. rotor rotation. 

In fig (b), the slots width is reduced. In this case the net 

amount of iron to which the PM of rotor is reduced and the 

force of attraction between the stator teeth and rotor PM 

decreases. This reduces the cogging torque. The net amount 

of cogging torque reduced in this method is low. 

In fig (c), the stator tooth is bifurcated. This helps in 

maintaining the change in airgap reluctance constant w.r.t. 

the rotor rotation. Hence the cogging torque is reduced to the 

greater amount of nearly 40% when compared to normal 

design. This bifurcation results in reducing the efficiency of 

2%. 

The resultant graphs for the three cases are plotted. 

 

Fig. 3. Graph showing different Torque for Reduced Stator TW and 

Bifurcation modification to Original Motor. 

 

Fig. 4. Graph showing different Cogging Torque for Reduced Stator TW and 

Bifurcation modification to Original Motor. 

B. Slot Opening Variation 

Slot opening has an effective impact on the cogging 

torque. This is the direct and noticeable one. Since the 

cogging torque is generated by the interaction of the stator 

teeth and the rotor magnetic field, the slot opening width 

has a significant impact on this phenomenon. Moreover, 

also the back-EMF harmonic content depends on the air gap 

flux density distribution. Therefore, the slot opening width 

has to be chosen very carefully in order to optimize the 

machine design. Generally the cogging torque and the 

harmonic content of the back-EMF decrease as the slot 

opening become smaller. Since the slot opening influences 

the winding manufacturing and costs, the choice of the 

optimal width is a trade-off between cost and performance. 

The slot opening shouldn’t be minimum, this causes 

problems for cooling and the rated loading cannot be 

imposed. And also it shouldn’t be more, because this causes 

increasing the cogging torque. Simulation is done for 

various slot opening cases to do trade off in reducing 

maximum cogging torque. 
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Fig. 5. Graph showing different Torque for Slot Opening variation. 

 

Fig. 6. Graph showing different Cogging Torque for Slot Opening variation. 

4. Results Comparision 

Table I. Tabular representation of Results comparison. 

METHOD Trated [Nm] Trated [%] Tcogg [Nm] Tcogg [%] Eff Eff [%] 

Slot Opening 

0.25mm 0.516 1.9 1.8e-4 -76.83 89.19 1.4 

0.3mm 0.515 1.7 2.55e-4 -67.18 89.09 1.3 

0.5mm 0.506 0 7.7e-4 0 87.89 0 

1mm 0.429 -15.2 4.17e-3 436.67 75.05 -14.6 

1.5mm 0.27 -46.64 8.9e-3 1045.4 47.71 -45.72 

Reduced TW & 

Bifurcation 

2.8mm 0.506 0 7.78e-4 0.12 87.89 0 

2.3mm 0.499 -1.3 7.7e-4 0 86.49 -1.6 

2.3mm (Bif) 0.455 -10.07 5.91e-4 -23.93 90.33 2.7 

 

5. Conclusion 

Two methods are compared on a common reference 

machine (24-slot 4-pole IPM machine) by extensive FEM 

simulations. The results summarized in Table I show that 

cogging torque reduction techniques developed can be easily 

applied to IPM machines. For best results, during 

optimization it is advisable not to focus only on cogging 

torque reduction but to monitor the side effects as well. 

From this paper, Slot Opening variation method produces 

on efficient solution in reducing cogging torque and is less 

cost when compared to the Bifurcation method. 

But Slot Opening method suffers from a tradeoff between 

cost and total rating usage. If Slot Opening is minimum, the 

motor cannot be used to its full potential and only 70% of it 

can be utilized. But there is no trade off to Bifurcation 

Method but Tooth Width should be sufficient to hold the 

weight of conductor. This method increases efficiency. 

6. Motor Specifications 

Vdc 48V 

Irated 5A 

Connection Star 

Speed 4140 rpm 

Number of phases 3 

Outer radius 48mm 

Inner radius 32.5mm 

Stator yoke 7.5mm 

No. of slots 24 

Rotor yoke 16.5mm 

Shaft radius 10mm 

Air gap 0.5mm 

Magnet length 5.5mm 

No. of poles 4 

Magnet pole arc 150° 
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