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ABSTRACT 
 

 

Electrical motors influence many aspects of our daily life as they are widely used in various 

industrial and commercial applications. Electrical motors are used in electric drive systems. 

Efficiency and compactness are the two key performance parameters of an electrical motor. 

Electricity demand is increasing at a rapid pace. Reductions in energy consumption and 

lower carbon dioxide emissions are essential to protecting the environment. Since electric 

motors consume over two-thirds of electrical energy generated, electric motor efficiency 

and energy management have generated immense concern. Even a 1 % improvement in the 

efficiency of electrical motors will save billions of units per year and reduce carbon dioxide 

emissions. The development and commercialization of highly efficient electric motor drives 

have become a major necessity. The use of high-efficiency electric motor drives in place of 

conventional electric motor drives will reduce the consumption of electric energy 

substantially. In addition to efficiency, compactness is also a very important requirement in 

many applications. The development of a compact electric motor with high operational 

efficiency is very important. The motor designer aims to design a compact and efficient 

electric motor. This research work aims to design and improve the performance of the radial 

flux permanent magnet brushless dc (PMBLDC) motor. 

The use of a permanent magnet (PM) material in place of electromagnetic excitation 

markedly increases the operational efficiency and reduces the motor size for the same output 

power. The radial flux PMBLDC motors are classified into two types according to the 

placement of PMs on the rotor. They are (1) the Surface Permanent Magnet (SPM) motor 

and (2) the Interior Permanent Magnet (IPM) motor. The radial flux PMBLDC motor offers 

high efficiency, high power density, compactness, wide speed range, high torque to current 

ratio, and fast dynamic response. In this research work, three different radial flux surface 

mounted PMBLDC motors of rating 200 W, 2.2 kW, and 20 kW are designed by assuming 

various design variables like air gap flux density, current density, slot space factor, winding 

factor, stacking factor, and allowable flux densities in the stator and rotor core. Finite 

element analysis (FEA) has been carried out to validate the analytical designs. The 

performance parameters and the flux density in various sections of the motors obtained from 

FEA are compared with the analytical designs. The comparison between analytical and 

FEA-based results validates the analytical designs. 

Cogging torque is an undesirable but inherent characteristic of slotted permanent magnet 



xii 
 
 

motors. It produces vibration, and annoying noise, and deteriorates the torque quality. It is 

inevitable to minimize cogging torque to improve the torque quality and performance of the 

radial flux PMBLDC motor. The three motors designed initially are considered reference 

motors. Their cogging torque profiles are obtained by performing FE analysis. Various 

design modification techniques have been proposed, focusing on the reduction of cogging 

torque. Comparative analysis is carried out between cogging torque obtained with and 

without design modifications to examine the effect of these techniques on cogging torque. 

The analysis of the results concluded that cogging torque can be effectively reduced by 

applying techniques like the application of dual PM material, stepped skewing of PM, 

stepped skewing of PM with dual PM material, shaping of PM, magnet shifting, and 

displacement of slot opening. 

 

The Hiperco magnetic material has a high knee point of magnetization, high permeability, 

and low specific iron loss. The radial flux PMBLDC motors of the same rating have been 

designed using the Hiperco magnetic material instead of the M19 steel material in the stator 

core. FE analysis has been performed to analyze the effect of Hiperco on the performance 

of the radial flux PMBLDC motors. It is analyzed that the use of the Hiperco magnetic 

material has increased the operational efficiency of the PMBLDC motors with the reduction 

in motor weight. 
 

Key Words: Radial flux PMBLDC motor, finite element analysis, cogging torque, superior magnetic 

material. 

 

 

 

 

 

 

 

 

 

 

 

 

 



xiii 
 
 

DEDICATION 

 

 

 

 

I dedicate this work to my beloved 

father Hariprasad I. Panchal and 

beloved mother Sarojben H. Panchal.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xiv 
 
 

ACKNOWLEDGMENT 
 

 

 
It gives me immense pleasure to express my deep and sincere gratitude to my research supervisor,  

Dr. Rajesh M. Patel, for his guidance, motivation, and continuous support throughout this research 

work. His involvement, inspiration, zeal, and constant encouragement were indispensable. 

 

I express my heartfelt gratitude to all members of the Doctoral Progress Committee,  

Dr. Hiren H. Patel and Dr. Saurabh N. Pandya for their insightful comments and 

constructive suggestions. 

 

I extend my thanks to Gujarat Technological University for providing the necessary 

resources and platform for this research work. 
 

I am thankful to Nirma University for permitting me to join Ph.D. Programme and providing 

necessary support. 

 

I sincerely thank my friend Dr. Amit N. Patel for helping me during this research work. 

 

I am highly grateful to Almighty, for His blessing and for giving me the strength to complete 

my studies. 

 

I am forever indebted to my family members for their unconditional love, motivation, and 

continuous support. Sources of inspiration, discipline, and values are my father, Hariprasad 

Ishwarlal Panchal, and my mother Sarojben Hariprasad Panchal. 

 

 

 

 

 

 

 

 

 

 



xv 
 
 

Table of Contents 
 

Abstract…………………………………………………………………………………… xi 
Dedication……………………………………………………………………………….... xiii 
Acknowledgment…………………………………………………………………………. xiv 
Contents…………………………………………………………………………………... xv 
Abbreviations and Symbols………………………………………………………………. xvii 
List of Figures…………………………………………………………………………….. xxi 
List of Tables……………………………………………………………………………... xxix 
  
1. Introduction……………………………………………………………………….. 1 

 1.1    Motivation …………………………………………………………………… 1 
 1.2    Objectives …………………………………………………………………… 2 
 1.3    Importance of This Research Work………………………………………….. 3 
 1.4    Basics of Radial Flux PM Machines ………………………………………… 3 
 1.5    Permanent Magnet Materials ………………………………………………... 9 
 1.6   Control of Brushless DC Motors..………………………………………......... 12 
 1.7   Thesis outline ………………………………………………………………… 12 
   

2. Literature Survey…………………………………………………………………. 15 

 2.1    Features of PMBLDC motor ………………………………………………… 15 
 2.2    Design of Radial Flux PMBLDC Motor …………………………………….. 17 
 2.3    Cogging Torque Reduction Techniques for Radial Flux PMBLDC motor….. 20 
 2.4    Use of Superior Magnetic Material …………………………………………. 29 
   

3. Design of Radial Flux PMBLDC Motor………………………………………… 33 

 3.1    Calculation of Main Dimensions ……………………………………………. 33 
 3.2    Stator Design ………………………………………………………………… 37 
 3.3    Rotor Design ………………………………………………………………… 40 
 3.4    Performance Estimation ……………………………………………………... 41 
 3.5    Chapter Summary …………………………………………………………… 42 
   

4. CAD and FEA of Radial Flux PMBLDC Motor………………………………... 45 

 4.1    CAD Procedure ……………………………………………………………… 45 
 4.2   Selection of Materials for PMBLDC Motor …………………………………. 46 
 4.3    Design Information of 200 W PMBLDC Motor ……………………………. 47 
 4.4    Design Validation by Finite Element Analysis ……………………………… 49 
 4.5    Design Information of 2.2 kW PMBLDC Motor …………………………… 52 
 4.6    Design Validation by Finite Element Analysis ……………………………… 54 
 4.7    Design Information of 20 kW PMBLDC Motor ……………………………. 56 
 4.8    Design Validation by Finite Element Analysis ……………………………… 58 
 4.9    Chapter Summary …………………………………………………………… 60 
   

5. Cogging Torque Reduction of Radial Flux PMBLDC Motor…………………. 61 

 5.1    Basics of Cogging Torque …………………………………………………... 61 
 5.2    Techniques to Reduce Cogging Torque ……………………………………... 62 
 5.3    Cogging Torque Reduction Techniques for 200 W PMBLDC Motor ……… 63 



xvi 
 
 

 5.3.1    Application of Dual PM Material Technique …………………………. 63 
 5.3.2    Step Skewing of Magnet Technique …………………………………... 65 
 5.3.3    Step Skewing of PM with Dual PM Material Technique ……………... 67 
 5.3.4    Magnet Shaping Technique …………………………………………… 69 
 5.3.5    Magnet Shifting Technique …………………………………………… 71 
 5.3.6    Slot Opening Shift Technique ………………………………………… 75 
 5.4    Cogging Torque Reduction Techniques for 2.2 kW PMBLDC Motor ……... 85 
 5.4.1    Application of Dual PM Material Technique …………………………. 85 
 5.4.2    Step Skewing of Magnet Technique …………………………………... 87 
 5.4.3    Step Skewing of PM with Dual PM Material Technique 89 
 5.4.4    Magnet Shaping Technique …………………………………………… 91 
 5.4.5    Magnet Shifting Technique …………………………………………… 93 
 5.4.6    Slot Opening Shift Technique ………………………………………… 95 
 5.5    Cogging Torque Reduction Techniques for 20 kW PMBLDC Motor ……… 102 
 5.5.1    Application of Dual PM Material Technique …………………………. 102 
 5.5.2    Step Skewing of Magnet Technique …………………………………... 104 
 5.5.3    Step Skewing of PM with Dual PM Material Technique ……………... 106 
 5.5.4    Magnet Shaping Technique …………………………………………… 108 
 5.5.5    Magnet Shifting Technique …………………………………………… 110 
 5.5.6    Slot Opening Shift Technique ………………………………………… 112 
 5.6 Chapter Summary ……………………………………………………………... 119 
   

6. Application of Superior Magnetic Material for Performance Improvement… 121 

 6.1    Properties of Superior Magnetic Material-Hiperco …………………………. 121 
 6.2    Analysis of 200 W Radial Flux PMBLDC Motor Using Hiperco Material…. 123 
 6.3    Analysis of 2.2 kW Radial Flux PMBLDC Motor Using Hiperco Material… 126 
 6.4    Analysis of 20 kW Radial Flux PMBLDC Motor Using Hiperco Material…. 130 
 6.5    Chapter Summary …………………………………………………………… 133 
   

7. Conclusions and Scope of Future Work ………………………………………... 135 

 7.1    Summary of Work Done …………………………………………………….. 135 
 7.2    Major Findings & Salient Contribution ……………………………………... 135 
 7.3    Scope of Future Work ……………………………………………………….. 137 
   
 References ………………………………………………………………………… 139 
 Publications Related to This Thesis …………………………………………….. 145 

 
 

 

 

 

 

 



xvii 
 
 

List of Abbreviations 
 

Abbreviations Description 

DC Direct current 

PM Permanent Magnet 

PMBLDC Permanent magnet brushless dc motor 

BLDC Brushless dc motor 

PMAC Permanent magnet ac 

PMSM Permanent magnet synchronous motor 

FEA Finite element analysis 

FEM Finite element method 

CRNO Cold-rolled non-oriented 

NdFeB Neo-dymium iron boron 

Sm2CO17 Samarium cobalt 

SPM Surface Permanent Magnet 

IPM Interior Permanent Magnet 

SIPM Surface Inset Permanent Magnet 

CAD Computer aided design 

1D One-dimensional 

2D Two-dimensional 

3D Three-dimensional 

EV Electric vehicle 

HEV Hybrid electric vehicle 

SMC Soft magnetic composite 

rpm Revolutions per minute 

 

 

 

 

 

 

 

 



xviii 
 
 

List of Symbols 

 

Symbol Unit Description 

T  N.m. Torque 

N  Rpm Rotational speed 

f  Hz Frequency 

phN  - Number of phases 

trvK  
kNm/m3 Torque per unit rotor volume 

mN  - Number of magnet poles 

cN  
- Number of coil conducting simultaneously 

g
l  mm Length of air gap 

m
l  mm Length of magnet 

soR  mm Stator outer radius 

siR  mm Stator inner radius 

sbR  mm Stator back iron radius 

riR  mm Rotor inner radius 

L  mm Axial length of motor 

stk  - Stacking factor 

rB  T Residual flux density 

rec  - Magnet recoil permeability 

sw  mm Slot opening 

sd  - Shoe depth fraction 

m  rad/s Motor speed 

e  rad/s Electrical angular velocity 

sN  - Number of slots 

sppN  - Number of slots per pole per phase 

spN  - Number of stator slots per pole 

fS  - Slot fill factor 



xix 
 
 

cp  - Coil-pole fraction 

p  - Angular pole pitch 

s  - Angular slot pitch 

c  - Coil pitch 

p  - Pole pitch 

m  - Magnet fraction 

C  - Flux concentration factor 

gA  m2 Air gap area 

gB  T Air gap flux density 

g  Wb Air gap flux 

biw  mm Width of stator back iron 

ryw  mm Width of rotor back iron 

tbw  mm Width of stator tooth 

tw  mm Tooth width at air gap 

siw  mm Slot width inside shoe 

sbw  mm Slot bottom width 

sn  - Number of turns per slot 

phT  - Number of turns per phase 

phZ  - Number of conductors per phase 

sd  mm Total slot depth 

3d  mm Conductor slot depth 

sA  m2 Slot area 

sa  mm2 Conductor area 

  A/mm2 Current density 

phE  V Phase voltage 

phI  A Phase current 

syB  T Stator yoke flux density 



xx 
 
 

ryB  T Rotor yoke flux density 

stB  T Stator teeth flux density 

lkgF  - Leakage flux factor 

sR  Ω Slot resistance 

eR  Ω End turn resistance 

phR  Ω Phase resistance 

  Ω-m Resistivity 

stV  m3 Stator volume 

bi  kg/m3 Mass density of back iron 

spP  W/kg specific iron loss at flux density of back 

iron 

outP  W Output power 

cuP  W Copper loss 

iP  W Iron loss 

fwP  W Friction and windage loss 

  - Efficiency 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xxi 
 
 

List of Figures 

Figure 1.1 Comparison between radial flux and axial flux PMBLDC motor 4 

Figure 1.2 (a) Trapezoidal back emf (b) Sinusoidal back emf……………… 6 

Figure 1.3 Cross-sectional view of radial flux PMBLDC motor…………… 7 

Figure 1.4 (a) Surface Permanent Magnet motor, (b) Surface Inset 

Permanent Magnet motor, (c) Interior Permanent Magnet motor 

9 

Figure 1.5 Historical development in permanent magnet materials………... 10 

Figure 1.6 (a) Demagnetization characteristics of PMs (b) Effect of 

temperature on demagnetization characteristic……………........ 

 

11 

Figure 1.7 Block diagram of control of PMBLDC motor…………….......... 12 

Figure 2.1 Prototype of 1.3 kW PMBLDC motor…………………………. 16 

Figure 2.2 Different PM shapes of SPMSM (a) rounded inside shape  

(b) rounded outside shape (c) chamfered shape (d) straight shape 

 

21 

Figure 2.3 IPM BLDC motor section (a) rotor shape in initial design  

(b) modified magnet structure in improved design…………….. 

 

22 

Figure 2.4 Rotor of PMSM (a) skew angle of PM (b) no skew (c) V-skew.. 23 

Figure 2.5 Effect of v-skew angle on cogging torque…………………….. 23 

Figure 2.6 Stator with stepped opening shift……………………………… 23 

Figure 2.7 Comparison of cogging torque waveforms of 2, 3, and 5 steps 

shift with no shift………………………………………………. 

 

24 

Figure 2.8 Different PM shapes (a) bar shape (b) loaf shape (c) petal shape 24 

Figure 2.9 Cogging torque profiles of three different shaped designs……… 25 

Figure 2.10 Slot opening shift of group of slots……………………………. 25 

Figure 2.11 Design variables of the improved model……………………… 26 

Figure 2.12 Four different designs of PM…………………………………… 27 

Figure 2.13 Four different structures of stator teeth…………………………. 27 

Figure 2.14 (a) Cross-sectional view of BLDC motor (b) Slit as a flux barrier 27 

Figure 2.15 Stator stamping having an additional air gap between stator teeth 

and back iron…………………………………………………… 

 

28 

Figure 2.16 Cogging torque profiles for different uniform air gaps between 

stator teeth and back iron……………………………………… 

 

28 

Figure 2.17 Cogging torque profile having uniform additional stator gaps or 

one larger stator gap/the rest uniform gaps……………………. 

 

29 



xxii 
 
 

Figure 3.1 3-D view of radial flux PMBLDC motor showing main 

dimensions……………………………………………………... 

 

34 

Figure 3.2 Radial flux PMBLDC motor showing various dimensions…… 34 

Figure 3.3 Slot geometry for radial flux PMBLDC motor………………… 38 

Figure 4.1 Flow chart of CAD of radial flux PMBLDC motor…………… 46 

Figure 4.2 200 W radial flux PMBLDC motor (a) FE model (b) flux density 

plot……………………………………………………………... 

 

50 

Figure 4.3 Average torque profile of 200 W PMBLDC motor…………..... 51 

Figure 4.4 Cogging torque profile of 200 W PMBLDC motor………….... 51 

Figure 4.5 2.2 kW radial flux PMBLDC motor (a) FE model (b) flux 

density plot……………………………………………….......... 

 

54 

Figure 4.6 Average torque profile of 2.2 kW PMBLDC motor…………... 55 

Figure 4.7 Cogging torque profile of 2.2 kW PMBLDC motor…………… 55 

Figure 4.8 20 kW radial flux PMBLDC motor (a) FE model (b) flux density 

plot…………………………………………………………...... 

 

58 

Figure 4.9 Average torque profile of 20 kW PMBLDC motor………….... 59 

Figure 4.10 Cogging torque profile of 20 kW PMBLDC motor………….... 59 

Figurer 5.1 Application of dual PM material technique (a) 3-D view of rotor 

(b) Motor model……………………………………………...... 

 

63 

Figure 5.2 Flux density plot of 200 W PMBLDC motor having dual 

permanent magnet technique………………………………….. 

 

64 

Figure 5.3 Cogging torque profiles of initial design and improved design 

having dual PM material technique………………………….... 

 

64 

Figure 5.4 Average torque profile of improved design having dual PM 

material technique……………………………………………… 

 

65 

Figure 5.5 Step skewing of magnet technique (a) 3-D view of rotor (b) 

Motor model……………………………………………............ 

 

65 

Figure 5.6 Flux density plot of 200 W PMBLDC motor having step 

skewing of magnet technique………………………………….. 

 

66 

Figure 5.7 Cogging torque profiles of initial design and improved design 

having step skewing of magnet technique…………………....... 

 

66 

Figure 5.8 Average torque profile of improved design having step skewing 

of magnet technique………………………………………….... 

 

67 



xxiii 
 
 

Figure 5.9 Step skewing of PM with dual PM material technique (a) 3-D 

view of rotor (b) Motor model………………………………… 

 

67 

Figure 5.10 Flux density plot of 200 W PMBLDC motor having step 

skewing of PM with dual PM material technique……………… 

 

68 

Figure 5.11 Cogging torque profiles of initial design and improved design 

having step skewing of PM with dual PM material technique… 

 

68 

Figure 5.12 Average torque profile of improved design having step skewing 

of magnet technique………………………………………….... 

 

69 

Figure 5.13 Magnet shaping technique (a) 3-D view of rotor (b) Motor 

model…………………………………………………………... 

 

69 

Figure 5.14 Flux density plot of 200 W PMBLDC motor with magnet 

shaping technique…………………………………………….... 

 

70 

Figure 5.15 Cogging torque profiles of initial design and improved design 

with magnet shaping technique………………………………… 

 

70 

Figure 5.16 Average torque profile of improved design with magnet shaping 

technique………………………………………………….......... 

 

71 

Figure 5.17 Shifting of PM in surface mounted radial flux PMBLDC motor 72 

Figure 5.18 Sectional view of rotor (a) initial design with regular PMs (b) 

improved design with shifted PMs…………………………….. 

 

73 

Figure 5.19 Flux density plot of 200 W PMBLDC motor with magnet 

shifting technique…………………………………………........ 

 

73 

Figure 5.20 Comparison between cogging torque profiles of initial design 

and improved designs having magnet shifting technique……… 

 

74 

Figure 5.21 Average torque profile of improved design with magnet shifting 

technique……………………………………………………..... 

 

75 

Figure 5.22 Stator stampings (a) Initial (b) Slot opening shift in 

anticlockwise direction………………………………………... 

 

78 

Figure 5.23 5.23 200 W PMBLDC motor with the shifted slot opening…… 78 

Figure 5.24 5.24 Flux density plot of 200 W PMBLDC motor with slot 

opening shift technique………………………………………… 

 

79 

Figure 5.25 Cogging torque profiles of initial design and improved design 

with slot opening shift technique……………………………… 

 

79 

Figure 5.26 Average torque profile of improved design with slot opening 
shift technique………………………………………………… 

 
80 



xxiv 
 
 

Figure 5.27 Slot opening shift technique (a) Stator stamping (b) Motor 

model………………………………………………………….. 

 

80 

Figure 5.28 Flux density plot of 200 W PMBLDC motor with slot opening 

shift technique………………………………………………… 

 

81 

Figure 5.29 Cogging torque profiles of initial design and improved design 

with slot opening shift technique……………………………… 

 

81 

Figure 5.30 Average torque profile of improved design with slot opening 

shift technique………………………………………………… 

 

82 

Figure 5.31 Slot opening shift technique (a) Stator stamping (b) Motor 

model…………………………………………………………... 

 

82 

Figure 5.32 Flux density plot of 200 W PMBLDC motor with slot opening 

shift technique………………………………………………… 

 

83 

Figure 5.33 Cogging torque profiles of initial design and improved design 

with slot opening shift technique……………………………… 

 

83 

Figure 5.34 Average torque profile of improved design with slot opening 

shift technique………………………………………………… 

 

84 

Figure 5.35 Cogging torque profile obtained with various design techniques 

for 200 W PMBLDC motor…………………………………… 

 

84 

Figure 5.36 Application of dual PM material technique (a) 3-D view of rotor 

(b) Motor model……………………………………………… 

 

85 

Figure 5.37 Flux density plot of 2.2 kW PMBLDC motor having dual 

permanent magnet technique…………………………………… 

 

86 

Figure 5.38 Cogging torque profiles of initial design and improved design 

having dual PM material technique…………………………… 

 

86 

Figure 5.39 Average torque profile of improved design having dual PM 

material technique……………………………………………… 

 

87 

Figure 5.40 Step skewing of magnet technique (a) 3-D view of rotor (b) 

Motor model…………………………………………………… 

 

87 

Figure 5.41 Flux density plot of 2.2 kW PMBLDC motor having step 

skewing of magnet technique………………………………...... 

 

88 

Figure 5.42 Cogging torque profiles of initial design and improved design 

having step skewing of magnet technique…………………….. 

 

88 

Figure 5.43 Average torque profile of improved design having step skewing 
of magnet technique………………………………………….... 

 
89 



xxv 
 
 

Figure 5.44 Step skewing of PM with dual PM material technique (a) 3-D 

view of rotor (b) Motor model………………………………… 

 

89 

Figure 5.45 Flux density plot of 2.2 kW PMBLDC motor having step 

skewing of PM with dual PM material technique……………… 

 

90 

Figure 5.46 Cogging torque profiles of initial design and improved design 

having step skewing of PM with dual PM material technique…. 

 

90 

Figure 5.47 Average torque profile of improved design having step skewing 

of magnet technique…………………………………………… 

 

91 

Figure 5.48 Magnet shaping technique (a) 3-D view of rotor (b) Motor 

model …………………………………………………………... 

 

91 

Figure 5.49 Flux density plot of 2.2 kW PMBLDC motor with magnet 

shaping technique……………………………………………… 

 

92 

Figure 5.50 Cogging torque profiles of initial design and improved design 

with magnet shaping technique………………………………… 

 

92 

Figure 5.51 Average torque profile of improved design with magnet shaping 

technique……………………………………………………….. 

 

93 

Figure 5.52 Sectional view of rotor (a) initial design with regular PMs  

(b) improved design with shifted PMs…………………………. 

 

93 

Figure 5.53 Flux density plot of 2.2 kW PMBLDC motor with magnet 

shifting technique………………………………………………. 

 

94 

Figure 5.54 Comparison between cogging torque profiles of initial design 

and improved designs having magnet shifting technique……… 

 

94 

Figure 5.55 Average torque profile of improved design with magnet shifting 

technique……………………………………………………….. 

 

95 

Figure 5.56 Slot opening shift technique (a) Stator stamping (b) Motor 

model with shifted slot opening………………………………… 

 

96 

Figure 5.57 Flux density plot of 2.2 kW PMBLDC motor with slot opening 

shift technique………………………………………………….. 

 

96 

Figure 5.58 Cogging torque profiles of initial design and improved design 

with slot opening shift technique………………………………. 

 

97 

Figure 5.59 Average torque profile of improved design with slot opening 

shift technique………………………………………………….. 

 

97 

Figure 5.60 Slot opening shift technique (a) Stator stamping (b) Motor 
model………………………………………………………....... 

 
98 



xxvi 
 
 

Figure 5.61 Flux density plot of 2.2 kW PMBLDC motor with slot opening 

shift technique………………………………………………….. 

 

98 

Figure 5.62 Cogging torque profiles of initial design and improved design 

with slot opening shift technique……………………………….. 

 

98 

Figure 5.63 Average torque profile of improved design with slot opening 

shift technique………………………………………………….. 

 

99 

Figure 5.64 Slot opening shift technique (a) Stator stamping (b) Motor 

model…………………………………………………………... 

 

99 

Figure 5.65 Flux density plot of 2.2 kW PMBLDC motor with slot opening 

shift technique…………………………………………………. 

 

100 

Figure 5.66 Cogging torque profiles of initial design and improved design 

with slot opening shift technique……………………………….. 

 

100 

Figure 5.67 Average torque profile of improved design with slot opening 

shift technique………………………………………………….. 

 

101 

Figure 5.68 Cogging torque profile obtained with various design techniques 

for 2.2 kW PMBLDC motor……………………………………. 

 

101 

Figure 5.69 Application of dual PM material technique (a) 3-D view of rotor 

(b) Motor model………………………………………………... 

 

102 

Figure 5.70 Flux density plot of 20 kW PMBLDC motor having dual 

permanent magnet technique…………………………………… 

 

103 

Figure 5.71 Cogging torque profiles of initial design and improved design 

having dual PM material technique…………………………….. 

 

103 

Figure 5.72 Average torque profile of improved design having dual PM 

material technique……………………………………………… 

 

104 

Figure 5.73 Step skewing of magnet technique (a) 3-D view of rotor  

(b) Motor model……………………………………………….. 

 

104 

Figure 5.74 Flux density plot of 20 kW PMBLDC motor having step 

skewing of magnet technique…………………………………... 

 

105 

Figure 5.75 Cogging torque profiles of initial design and improved design 

having step skewing of magnet technique……………………… 

 

105 

Figure 5.76 Average torque profile of improved design having step skewing 

of magnet technique……………………………………………. 

 

106 

Figure 5.77 Step skewing of PM with dual PM material technique (a) 3-D 
view of rotor (b) Motor model…………………………………. 

 
106 



xxvii 
 
 

Figure 5.78 Flux density plot of 20 kW PMBLDC motor having step 

skewing of PM with dual PM material technique……………… 

 

107 

Figure 5.79 Cogging torque profiles of initial design and improved design 

having step skewing of PM with dual PM material technique…. 

 

107 

Figure 5.80 Average torque profile of improved design having step skewing 

of magnet technique……………………………………………. 

 

108 

Figure 5.81 Magnet shaping technique (a) 3-D view of rotor (b) Motor 

model…………………………………………………………... 

 

108 

Figure 5.82 Flux density plot of 20 kW PMBLDC motor with magnet 

shaping technique………………………………………………. 

 

109 

Figure 5.83 Cogging torque profiles of initial design and improved design 

with magnet shaping technique………………………………… 

 

109 

Figure 5.84 Average torque profile of improved design with magnet shaping 

technique……………………………………………………….. 

 

110 

Figure 5.85 Sectional view of rotor (a) initial design with regular PMs  

(b) improved design with shifted PMs…………………………. 

 

110 

Figure 5.86 Flux density plot of 20 kW PMBLDC motor with magnet 

shifting technique………………………………………………. 

 

111 

Figure 5.87 Comparison between cogging torque profiles of initial design 

and improved designs having magnet shifting technique………. 

 

111 

Figure 5.88 Average torque profile of improved design with magnet shifting 

technique……………………………………………………….. 

 

112 

Figure 5.89 Slot opening shift technique (a) Stator stamping (b) Motor 

model with shifted slot opening………………………………… 

 

113 

Figure 5.90 Flux density plot of 20 kW PMBLDC motor with slot opening 

shift technique………………………………………………….. 

 

113 

Figure 5.91 Cogging torque profiles of initial design and improved design 

with slot opening shift technique……………………………….. 

 

114 

Figure 5.92 Average torque profile of improved design with slot opening 

shift technique…………………………………………………. 

 

114 

Figure 5.93 Slot opening shift technique (a) Stator stamping (b) Motor 

model…………………………………………………………... 

 

115 

Figure 5.94 Flux density plot of 20 kW PMBLDC motor with slot opening 
shift technique………………………………………………….. 

 
115 



xxviii 
 
 

Figure 5.95 Cogging torque profiles of initial design and improved design 

with slot opening shift technique……………………………….. 

 

115 

Figure 5.96 Average torque profile of improved design with slot opening 

shift technique………………………………………………….. 

 

116 

Figure 5.97 Slot opening shift technique (a) Stator stamping (b) Motor 

model…………………………………………………………... 

 

116 

Figure 5.98 Flux density plot of 20 kW PMBLDC motor with slot opening 

shift technique………………………………………………….. 

 

117 

Figure 5.99 Cogging torque profiles of initial design and improved design 

with slot opening shift technique……………………………….. 

 

117 

Figure 5.100 Average torque profile of improved design with slot opening 

shift technique………………………………………………….. 

 

118 

Figure 5.101 Cogging torque profile obtained with various design techniques 

for 20 kW PMBLDC motor……………………………………. 

 

118 

Figure 6.1 B-H curve of M19 and Hiperco material……………………….. 122 

Figure 6.2 Specific iron loss curve of M19 and Hiperco core material……. 123 

Figure 6.3 Comparison between performance parameters of initial and 

improved design………………………………………………... 

 

125 

Figure 6.4 (a) Cross-sectional view of improved design (b) Flux density 

plot……………………………………………………………... 

 

125 

Figure 6.5 Torque profile of improved design of 200 W PMBLDC motor 126 

Figure 6.6 Comparison between performance parameters of initial and 

improved design………………………………………………... 

 

128 

Figure 6.7 (a) Cross-sectional view of improved design (b) Flux density 

plot……………………………………………………………... 

 

129 

Figure 6.8 Torque profile of improved design of 2.2 kW PMBLDC motor 129 

Figure 6.9 Comparison between performance parameters of initial and 

improved design………………………………………………... 

 

132 

Figure 6.10 (a) Cross-sectional view of improved design (b) Flux density 

plot……………………………………………………………... 

 

132 

Figure 6.11 Torque profile of improved design of 20 kW PMBLDC motor… 135 

 

 

 



xxix 
 
 

List of Tables 

Table 1.1 General characteristics of PM materials…………………………... 11 

Table 3.1 Range of torque per unit rotor volume for different types of 

motors…………………………………………………………… 

 

35 

Table 3.2 Range of preferred flux density in various parts of the motor…… 38 

Table 3.3 Properties of various permanent magnet materials………………. 41 

Table 4.1 Specification of 200 W PMBLDC motor………………………… 47 

Table 4.2 Design variables of 200 W PMBLDC motor…………………….. 48 

Table 4.3 Design output of 200 W PMBLDC motor……………………….. 48 

Table 4.4 Comparison between analytical-based and FE-based results of 

200 W motor……………………………………………………... 

 

52 

Table 4.5 Specification of 2.2 kW PMBLDC motor……………………….. 52 

Table 4.6 Design variables of 2.2 kW PMBLDC motor……………………. 53 

Table 4.7 Design output of 2.2 kW PMBLDC motor………………………. 53 

Table 4.8 Comparison between analytical-based and FE-based results of 2.2 

kW motor…………………………………………………….. 

 

56 

Table 4.9 Specification of 20 kW PMBLDC motor………………………… 56 

Table 4.10 Design variables of 20 kW PMBLDC motor……………………... 56 

Table 4.11 Design output of 20 kW PMBLDC motor……………………….. 57 

Table 4.12 Comparison between analytical-based and FE-based results of  

20 kW motor…………………………………………………….. 

 

60 

Table 5.1 Comparison between initial and improved designs of 200 W 

Radial Flux PMBLDC Motor……………………………………. 

 

74 

Table 5.2 Comparison of various cogging torque reduction techniques for 

200 W PMBLDC motor…………………………………………. 

 

85 

Table 5.3 Comparison between initial and improved designs of 2.2 kW 

Radial Flux PMBLDC Motor……………………………………. 

 

95 

Table 5.4 Comparison of various cogging torque reduction techniques for 

2.2 kW PMBLDC motor…………………………………………. 

 

102 

Table 5.5 Comparison between initial and improved designs of 20 kW 

Radial Flux PMBLDC Motor……………………………………. 

 

112 

Table 5.6 Comparison of various cogging torque reduction techniques for 

20 kW PMBLDC………………………………………………… 

 

119 



xxx 
 
 

Table 6.1 Properties of M19 and Hiperco………………………………….. 122 

Table 6.2 Comparison between parameters of initial design and improved 

design…………………………………………………………….. 

 

124 

Table 6.3 Validation of initial design and improved design using FE 

Analysis………………………………………………………….. 

 

126 

Table 6.4 Comparison between parameters of initial design and improved 

design…………………………………………………………….. 

 

127 

Table 6.5 Validation of initial design and improved design using FE 

Analysis………………………………………………………….. 

 

129 

Table 6.6 Comparison between parameters of initial design and improved 

design……………………………………………………………. 

 

130 

Table 6.7 Validation of initial design and improved design using FE 

Analysis…………………………………………………….......... 

 

133 

 

 



 

Page | 1 
 

CHAPTER – 1 

 

1 Introduction 

 

The Brushed DC motor suffers from disadvantages like frequent maintenance of brushes, 

wear and tear, and mechanical commutation. A Brushless DC motor nullifies these problems 

by replacing mechanical commutation with electrical commutation. The radial flux 

permanent magnet motor (PMBLDC) motor uses permanent magnet material to produce the 

main field flux. The same will be produced by electromagnetic excitation in the DC motor, 

resulting in high copper losses and moderate efficiency. The flux flows radially and the 

current flows axially in the radial flux PMBLDC motor. High-grade Neodymium Iron Boron 

(NdFeB) is used in this work to enhance the performance of the PMBLDC motor. Because 

of the advancement in permanent magnet technology and inverter technology, the radial flux 

PMBLDC motor has become popular in many industrial and domestic applications. It offers 

high efficiency, a wide speed range, high power density, compactness, and longer life [1]. 

Household applications are expected to grow substantially in the coming years and 

PMBLDC motors can find their use in washing machines, air conditioners, refrigerators, 

fans, vacuum cleaners, etc. High efficiency, compact size, and price competitiveness make 

it suitable for aircraft applications, automotive applications, and portable types of 

equipment. This thesis is focused on the design, finite element analysis, and performance 

improvement of radial flux PMBLDC motor. The performance improvement is carried out 

by reducing cogging torque and enhancing the efficiency of three different radial flux 

PMBLDC motors of rating 200 W, 2.2 kW, and 20 kW. 

1.1 Motivation  

Electric motors consume 60 – 70 % of electricity in various industrial sectors. The extensive 

use of electric motors is not only limited to industry sectors but in the agricultural, 

commercial, residential, automotive, and transportation sectors. The use of electricity is 

estimated to grow to 35 trillion kilowatt-hours by 2035. 90 % of installed motors operate 
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continuously at full speed. With the rise in energy consumption, as well as the uncertainties 

regarding oil supply and the fluctuating price of fossil fuel, energy efficiency and 

conservation have become a significant component of both the industrial and rural 

economies. An increase in motor efficiency will result in significant energy savings and a 

reduction in CO2 emissions in the atmosphere. A significant amount of energy can be saved 

by increasing the efficiency of the electric motor. This leads to environmental protection 

because power-generating plants emit tonnes of carbon dioxide into the atmosphere every 

day to supply power to the electric motors and other electric loads. Even a 1 % improvement 

in the efficiency of electrical motors will save billions of units per year and reduce carbon 

dioxide emissions. 

Technological advancements in PM materials, power electronic converters, and digital 

signal processors resulted in efficient and compact electric motor drives. The application of 

PMs enhances the performance of the electric motor. Neodymium Iron Boron (NdFeB) type 

PM material gives high efficiency and high power density. Apart from efficiency, torque 

quality is also a vital performance parameter. It is very essential to develop an electric motor 

having high operational efficiency and better torque quality. Torque quality has become an 

important parameter in low-speed applications. Torque quality can be enhanced by proper 

design modifications or by using an optimal control strategy. It is a challenge for a motor 

designer to design and develop PM motors having high operational efficiency and better 

torque quality. Over and above this, there is a scarcity of good PM motor designers in India 

for the development of PM motors. The PM motor may become horsepower in many 

industrial and household applications. The motivation behind this research work is to design 

an efficient PM motor with improved performance parameters. 

 
1.2 Objectives 

The following are the objectives of this research work. 

1. Design of radial flux PMBLDC motor 

2. Design validation with finite element analysis (FEA) technique 

3. Performance improvement of radial flux PMBLDC motor. 

▪ Reduction of cogging torque with design modification techniques. 

▪ Application of superior magnetic material to enhance efficiency and reduce weight. 
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1.3 Importance of This Research Work 
 

The design of radial flux PMBLDC motor is a quite complex and nonlinear problem 

involving many design variables like average flux density, slot-loading, magnet fraction, 

current density, stacking factor, etc. The design of the radial flux PMBLDC motor includes 

the calculation of main dimensions, stator design, rotor design, and performance estimation. 

To design and develop a good radial flux PMBLDC motor is a challenge for motor designers 

as the design procedure is not well established and proven. A comprehensive design 

procedure of radial flux PMBLDC motor is derived in this research work. Three radial flux 

PMBLDC motors of low, medium and high-power ratings are designed using this design 

procedure. These designs are validated using finite element analysis. The design validation 

establishes the correctness of the design procedure. The proposed research work also focuses 

on the reduction of cogging torque of a radial flux PMBLDC motor as it affects the torque 

quality of the motor. Various cogging torque reduction techniques proposed in this research 

work can be applied to permanent magnet machines of other topologies also. Apart from the 

torque quality, efficiency is also an important performance parameter of a radial flux 

PMBLDC motor. The efficiency improvement method proposed in this research work can 

be applied to other topologies of permanent magnet machines. This research work will be a 

good medium between the author and readers interested in the design and performance 

improvement of advanced electrical machines. 

 

1.4 Basics of Radial Flux PMBLDC Machines 

Since 1856, brushed DC motors have been used for electrical propulsion, cranes, paper 

machines, and steel rolling mills, and they are still widely used today. Brushless DC motors 

with electronic speed controller devices have largely replaced brushed motors in many 

applications since their brushes wear out and need to be replaced frequently. Due to high-

electric discharge noise and intensive application demands, brush wear became a significant 

drawback, and a new motor was produced. 

 

Brushless motors are much newer, having been developed during the early stages of 

electronic development. In 1962, advances in solid-state technology led to the development 

of the first brushless DC (BLDC) motor. T.G. Wilson and P. H. Trickey called it as ‘DC 

machine with solid-state commutation”. A Brushless dc motor requires no physical 
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commutator which makes it very popular in applications like computer hard disk drives, 

aircraft, and robotics. The earlier BLDC motors could not develop much high power. 

Development in permanent magnet materials and solid-state devices in the 1980s open the 

doors of permanent magnet motor technologies. The invention of Neodymium Iron Boron 

(NdFeB) permanent magnet material enhances the performance of the BLDC motor. 

Researchers and designers have put a lot many efforts to enhance the performance of the 

BLDC motor. Robert E. Lordo produced the first large-scale brushless DC motor in the late 

1980s, with ten times the power of previous brushless motors and it is called a PMBLDC 

motor. The PMBLDC motors today overcome many of the drawbacks of brushed motors by 

combining higher output power, lower size and weight, improved heat dissipation and 

efficiency, wider working speed ranges, and extremely low electrical noise. Brushless 

motors feature no electrical contacts that can wear out, resulting in greater reliability and 

shorter maintenance intervals in commercial and industrial applications. 

 
Fig. 1.1 Comparison between radial flux and axial flux PMBLDC motor 

 

The term 'radial' or 'axial' refers to the direction in which the magnetic field is imposed by 

permanent magnets [2]. The motor is known as a radial flux motor when the flux is imposed 

in the radial direction. An axial flux motor is one in which the flux is imposed in the axial 

direction. The amount of permanent magnet material utilized for a given performance is a 

significant variation between radial and axial flux motors. The axial flux motor has a lot 

more permanent magnet material to achieve this increased torque density. In comparison to 

axial flux motors, radial flux motors have a substantially lower volume of permanent 
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magnets and are thus more sustainable. They are also less expensive and easier to install. 

The radial flux and axial flux motor are shown in Fig. 1.1. 

 

Features of the radial flux PMBLDC motor are as follows: 

    Advantages: 

▪ High efficiency 

▪ Compact 

▪ Absence of brushes and mechanical commutator 

▪ Wide speed range 

▪ Fast dynamic response 

▪ Long operating life 

    Disadvantages: 

▪ The compulsion of electronic converter 

▪ Availability and cost of permanent magnet material 

▪ High torque ripple 

 

▪  Construction of radial flux PMBLDC motor 

The main parts of the PMBLDC motor are the stator and rotor [3]. 

Stator: The stator of a PMBLDC motor is made up of stacked steel laminations with 

windings positioned in slots along the inner periphery. The stator is traditionally similar to 

that of an induction motor, but the windings are placed differently. Three stator windings 

are connected in a star pattern in most BLDC motors. Each of these windings is made up of 

many coils that are joined to make a winding. To build a winding, one or more coils are 

inserted in the slots and interconnected. The back emf is generated in the stator winding 

when the rotor rotates and the flux links with the stator windings. There are two types of 

stator winding. One is distributed stator winding, which generates sinusoidal back emf and 

the motor is known as permanent magnet ac (PMAC) motor or permanent magnet 

synchronous motor (PMSM). If the winding is a concentrated type, the shape of the back 

emf is trapezoidal and the motor is known as the PMBLDC motor. If the phase sequence is 

ABC the back emf waveforms of PMBLDC and PMSM motors are shown in Fig. 1.2 (a) 

and (b). 
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(a) 

 
(b) 

Fig. 1.2 (a) Trapezoidal back emf (b) Sinusoidal back emf 

 

Based on the capacity of the control power supply, the motor with the correct supply voltage 

is chosen. Motors with a rated supply voltage of 48 V or less are selected for automotive, 

robotics, and small-arm movement. A motor of 100 V or higher rating is used in electrical 

appliances, industrial applications, and automation. The cross-sectional view of the 

PMBLDC motor is shown in Fig. 1.3. 
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Fig. 1.3 Cross-sectional view of radial flux PMBLDC motor 

 

Rotor: The rotor core is made up of cold-rolled non-oriented (CRNO) silicon steel material. 

The two to eight poles PMs are placed on the rotor with alternate north (N) and south (S) 

poles. The permanent magnet material is selected based on the required flux density in the 

stator and rotor core. Ferrites magnets are generally used to make PM. With the advancement 

in PM material technology, rare earth PMs have become a popular choice for motor 

designers. Samarium Cobalt (SmCo) and the alloy of Neodymium, Ferrite, and Boron 

(NdFeB) have high energy products and high flux density for the same volume. The use of 

these PMs compact the size of the motor for the same output. 

 

▪ Classification of radial flux PMBLDC motor 

According to the placement of permanent magnets (PMs) on the rotor, the radial flux 

PMBLDC motor is classified as [4], [5], 

 

(1) the Surface Permanent Magnet (SPM) motor 

(2) the Interior Permanent Magnet (IPM) motor.  

 

The SPM motors are of two types,  

• Projecting type SPM motor 

• Surface Inset PM (SIPM) motor  
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In projecting-type SPM motors, the PMs are projected outside of the rotor surface as shown 

in Fig. 1.4 (a). In the SIPM motors, the PMs are inserted in the grooves of the rotor surface, 

making the rotor surface smooth as shown in Fig. 1.4 (b). In the IPM BLDC motor, the PMs 

are embedded inside the rotor as shown in Fig. 1.4 (c).  

 

The radial flux SPM brushless dc motors (BLDC) are comparatively easy to construct and 

less costly. In the SPM BLDC motor, the PMs are facing the air gap directly without any 

interruption like rotor laminations or sleeves. It produces the highest air gap flux density in 

the motor. The control algorithms of SPM BLDC motors are simple. It can be used for 

precision control systems. The fabrication of the SPM BLDC motor is easy. 

 

 
(a) 

  

 
(b) 
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                                                                    (c) 

Fig. 1.4 (a) Surface Permanent Magnet motor, (b) Surface Inset Permanent Magnet motor,  

(c) Interior Permanent Magnet motor 

The SIPM BLDC motor has a more robust construction, providing good mechanical strength 

compared to the SPM BLDC motor. The rotor of the IPM BLDC motor is mechanically 

strong and can be used for high-speed applications. The fabrication of the IPM BLDC motor 

is more complex compared to the SPM BLDC motor and SIPM BLDC motor. The steel is 

removed from both sides of the magnet in the IPM BLDC rotor. This arrangement leads to 

large air gap barriers, known as flux barriers, between the adjacent PMs. Therefore, the 

magnetic flux linkage with adjacent PMs is prevented. Without these flux barriers, the flux 

will link with adjacent PMs and avoid stator laminations. The flux barriers also reduce the 

weight of the rotor. 

 
1.5 Permanent Magnet Material 

The permanent magnet is a material that produces the magnetic flux intrinsically. This 

magnetic flux produces a force that attracts other ferromagnetic materials. The PMs may 

repel or attract other PMs depending upon the adjacent placement and their polarity. The 

first PM excitation systems were applied to electrical machines as early as the 19th century 

but the use of very poor quality hard magnetic materials (steel or tungsten steel) soon 

discouraged their use in favor of electromagnetic excitation systems. The invention of 

Alnico in 1932 revived PM excitation systems, however, its applications were limited to 

small dc commutator machines. At present time most PM dc commutator motors use ferrite 

magnets. As environmental concern increases worldwide, higher drive efficiency is 

desirable. Thus, replacing induction machines with Permanent Magnet (PM) machines has 
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recently gained great interest as the price of the PM decreases. Permanent magnets are 

normally alloys of iron, nickel, and cobalt. These alloys are subjected to heat treatment, 

resulting in the mechanical hardness of the materials. As with any other ferromagnetic 

material, a PM can be described by its B-H hysteresis loop. PMs are also called hard 

magnetic materials, meaning ferromagnetic materials with a wide hysteresis loop. The 

copper losses occur in electromagnets but PMs provide a magnetic field without any loss. 

PMs have the inherent characteristics to produce magnetic flux in the given magnetic circuit 

without any external device. As PM material technology evolves, rare earth magnets have 

been invented after 1960. Samarium Cobalt (Sm2CO17 ) has been used widely because of its 

superior properties. Neodymium iron boron (NdFeB) is invented in 1980 and has the highest 

energy product among all PMs [6], [7]. The rapid growth in permanent magnet technology 

and semiconductor devices witnessed the development of more efficient PM motors. 

Historical development in rare-earth PM is shown in Fig. 1.5. 

 

Fig. 1.5 Historical development in permanent magnet materials 

 

The magnetic characteristic in the second quadrant of the B-H curve is called the 

demagnetization characteristic of PMs. Figure 1.6(a) shows the demagnetization 

characteristics of PM materials. Alnico has the highest remanence but the least coercivity. 

Ferrite has a higher coercive force than Alnico, but at the same time has a lower remanent 

magnetic flux density. NdFeB has the highest remanence, highest coercivity, and highest 

energy product. NdFeB has a few limitations. The demagnetization curve, especially the 

coercive force, is strongly temperature-dependent. Remanence also decreases as the 
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temperature increases. The demagnetization characteristic of NdFeB for different 

temperatures is shown in Fig. 1.6(b).  

 

                           (a)                                          

  

                          (b)             

Fig. 1.6 (a) Demagnetization characteristics of PMs (b) Effect of temperature on demagnetization 

characteristic 

PM materials are operated between the linear portion of demagnetization characteristic from 

remanent flux density Br and intrinsic coercivity Hci. The significant properties of PM 

materials are shown in TABLE 1.1. 

 
TABLE 1.1 General characteristics of PM materials 

Property Units Ceramic Alnico Sm2Co17 NdFeB 

Remanence (Br) T 0.405 1.35 1.06 1.12 

Coercivity (Hc) kA/m 250 50 570 880 

Energy product (BHmax) MGOe 7.5 3.84 26.0 30.0 

Mass density g/cm3 7.31 4.8 8.2 7.4 

Temp. coefficient of  Br %/°C -0.2 -0.02 -0.025 -0.1 

Relative permeability - 1.9 1.1 1.03 1.1 

Curie temperature °C 450 860 775 310 

Resistivity 
𝜇𝛺 𝑐𝑚 >104 47 86 150 
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1.6 Control of PMBLDC Motors 

The PMBLDC motors are commonly utilized in variable speed applications. Figure 1.7 

shows a block schematic of a PMBLDC motor drive. The source, electronic converter, the 

motor with inbuilt position sensors, load, feedback mechanisms, and controller are all 

included in the PMBLDC motor drive. Two control loops, the speed loop, and the current 

loop are used to operate PMBLDC motors. The speed control loop compares the actual 

motor speed with the reference motor speed and calculates the reference current required to 

produce the torque. The actual current is sensed and compared with the reference current to 

determine the desired voltage applied to the motor [4]. The actual current always tracks the 

reference current. The rotor positions are sensed by Hall Effect sensors and the control logic 

generates the gate pulses such that the converter output voltage can generate the torque and 

speed demanded by the load. 

 

Fig. 1.7 Block diagram of control of PMBLDC motor 

 
1.7 Thesis Outline 

The thesis is organized as under: 

Chapter 2 (Literature Review): This chapter reports an overview of developments in the 

field of radial flux permanent magnet machines. Various configurations, constructional 

aspects, features, sizing, and cogging torque reduction of radial flux permanent magnet 

machines are discussed.  



Chapter 1 Introduction 

Page | 13 
 

Chapter 3 (Design of Radial Flux PMBLDC Motor): This chapter presents the design 

procedure, sizing & performance equations of the radial flux PMBLDC motor.  

Chapter 4 (CAD and FEA of Radial Flux PMBLDC Motor): This chapter reports the CAD 

procedure and FEA of the axial flux PMBLDC motor. It also reports a comparison between 

results obtained from CAD and FEA. 

Chapter 5 (Cogging Torque Reduction of Radial Flux PMBLDC Motor): This chapter 

reports the basics of cogging torque, the importance of cogging torque reduction, and various 

design techniques to reduce cogging torque of radial flux PMBLDC motor.  

Chapter 6 (Application of Superior Magnetic Material for Performance Improvement): This 

chapter reports the comparison of Hiperco with M19 material and performance improvement 

of radial flux PMBLDC motor with the usage of superior magnetic material Hiperco. 

Chapter 7 (Conclusions and Scope of Future Work): This chapter reports a summary of 

work done and inferences obtained. It also reports the scope of future work. 
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CHAPTER – 2   

 

2 Literature Survey 

 

Development in the field of permanent magnet materials and power electronic devices have 

collectively brought the attention of motor designers to look for efficient and compact PM 

motors in various applications. The design of radial flux PMBLDC Motor is a quite complex 

and nonlinear problem involving many design variables. To design and develop a good 

radial flux PMBLDC motor is a challenge for motor designers as the design procedure is 

not well established and proven. Finite element (FE) analysis is required for the validation 

of the design. The research is going on to improve the overall performance of PMBLDC 

motors. The PMBLDC motor has advantages like high power density, wide speed range, 

high efficiency, and compactness compared to brushed dc motor and three-phase induction 

motor. The PMBLDC motors are used in household, automation, industrial and automotive 

applications. It has a disadvantage of high torque ripple which arises due to cogging torque. 

Continuous research is going on to reduce the cogging torque and improve the torque quality 

of the motor. 

 

2.1 Features of PMBLDC motor 

Michael Faraday was one of the first experimenters in the study of electricity and 

electromagnetism, which was still in its infancy at the time. He created what is known as 

the first electric motor, a revolving electrical machine. Soon after, Thomas Davenport 

invented the radial flux type machine, which was patented in the United States in 1837. 

Many inventors have claimed to have built various magnet motors since the mid-twentieth 

century. In 1954, German mechanical engineer Friedrich Lüling claimed to have developed 

a motor that could run for 10 to 20 years without recharging its permanent magnets. Howard 

Johnson, an American engineer, filed a patent for a permanent magnet motor in 1973, which 
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was awarded in 1979. In 1980, a prototype of his motor was published in the popular science 

magazine Science & Mechanics [9]. 

L. E. Unnewehr et al. developed a PMBLDC motor for vehicular ac/heater applications in 

1976. To evaluate this motor in terms of performance, cost, maintenance, operational 

difficulties, size, and weight, a prototype brushless motor was constructed and fitted into 

the AC blower assembly used on many Ford automobiles. It was analyzed that the brushless 

motor can improve operational efficiency, decrease warranty issues, reduce weight and 

overall blower package size, and provide continuously variable speed control when 

compared to dc commutator motors [10]. 

In 1997, Z. Q. Zhu et al. developed a high-speed 1.3 kW, 200 V, 20,000 rpm, 2-pole, 3 slot 

PMBLDC motor for a friction welding machine. A very small unbalanced magnetic pull 

was developed due to a narrow slot opening. Hence, the motor produced negligible vibration 

and run quietly.  

 
Fig. 2.1 Prototype of 1.3 kW PMBLDC motor 

The ideal airgap diameter and tooth tip height for the stator have been determined, as well 

as the open-circuit stator iron loss and rotor losses. The load conditions were being factored 

into the calculating techniques. Comparison between analytically calculated air gap field 

and that obtained by finite element analysis is presented. Stator winding self and mutual 

inductances calculated using the analytical method are 0.775 mH and 0.32 mH. The optimal 

value of the split ratio obtained for this motor is 0.365. The effect of tooth tip height on the 

shape of the back emf waveform is analyzed. The optimal value of stator tooth tip height 

obtained is 0.8 mm for this motor [11]. 

C. C. Chan et al. proposed a novel multipolar variable speed PMBLDC motor having high 

power density, high efficiency, and good controllability. It can be manufactured by standard 

fabrication techniques. A 5 kW, 1500 rpm prototype motor was manufactured and its 

performance was compared with switched reluctance motor and three-phase induction 
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motor. It was analyzed that the proposed motor has merits of both dc motor and ac motor. 

It had good speed control over a wide range like dc motors and had robust construction like 

ac motors [12]. 

D. M. Ionel et al. presented features of PM brushless motor drive design optimization 

technique and development of manufacturing technology for industrial applications. A high 

polarity flux concentrating rotor design with radial ferrites was used to create low-speed 

direct drive motors with high specific torque. A permanent magnet motor of rated speed 

1500 with high efficiency and compact size was developed using NdFeB magnets [13]. 

 
2.2 Design of Radial Flux PMBLDC Motor 

P. R. Upadhyay and K. R. Rajagopal derived the relationship between output power and the 

product of axial length and rotor output diameter.  

                                     
2 o
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=  

 
                                       (2.1) 

Where L is the axial length of motor, Dro is rotor outer diameter, Po is the output power, ω 

is the speed, η is the efficiency of the motor, Nc is the number of coils conducting 

simultaneously, Nm is the number of poles, Nspp is no. of slots per pole per phase, Kw is 

winding factor, Bg is average flux density in air-gap, and Is is slot loading. The important 

design considerations are discussed and the design of three different motors are validated 

using FE analysis. Efficiency, stator outer diameter, length of motor, phase inductance, and 

weight of motor are calculated for three different motors. The flux density plot of each motor 

is presented as an outcome of FE analysis. The torque vs. rotor position characteristic is 

presented. The average torques of three motors are tabulated and a comparison between 

CAD-based results and FE results are fairly matching with each other [14]. 

 

D. C. Hanselman shows that the design of the PMBLDC motor is complex and many 

unknown parameters are involved in the design procedure. The required power or torque at 

rated speed, the peak back emf, and maximum conductor current density are measures of 

the motor’s input and output. The number of phases, magnet poles, and stator slots per phase 

are the topological constraints in the design. The air gap length, magnet length, outside stator 

radius, outside rotor radius, motor axial length, core loss, lamination stacking factor, back 

iron mass density, conductor resistivity, space factor, and magnet fraction are physical 
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parameters. The stator outside radius, motor axial length, and rotor outside radius are 

considered fixed. The stator outside radius and axial length are fixed because they specify 

overall motor size [1]. 

 

Bhim Singh and Devendra Goyal presented a design of a 12 kW, 1100 rpm, 72 V radial flux 

surface mounted BLDC motor. Main dimensions, stator and rotor dimensions, winding 

details, and performance parameters are calculated. Developed avg. torque, the inductance 

of the winding, flux density in stator teeth computed by Computer Aided Design (CAD) is 

fairly matching with those computed by FE analysis. Sequence Quadratic Programming 

Technique is used to optimize the volume of the designed motor. The volume of the motor 

is minimized from 291.38 x 104 mm3 to 244.164 x 104 mm3 using the optimization technique 

[15]. 

 

K. R. Rajagopal and Chippa Sathaiah proposed a design of a 30 W, 48 V, 310 rpm PMLDC 

hub motor. The output of the CAD program gives design information which is used as input 

to FEA software and this design data is validated using FE analysis. Parametric analysis is 

carried out on the designed PMBLDC hub motor to get an improved design in terms of 

efficiency and size. Design outputs in terms of motor’s full load efficiency, rotor outer 

diameter, stack length, total weight, average torque developed are obtained. The same is 

validated using FE analysis. Design outputs incorporating the parametric analysis are 

calculated and the same is validated using FE analysis [16]. 

 

D. Uygun and S. Solmaz discussed Parametric design and performance analysis of  

in-wheel BLDC motor for automotive application. Sizing equations are developed for  

6 kW BLDC motor. Based on the analytical model, the motor is designed, simulated, and 

validated by using static two-dimensional (2D) analysis. The simulation model is prepared 

and a dynamic study of the motor is carried out by applying a torque of 30 Nm after 5 sec. 

for a total simulation time of 10 sec. Performance characteristics are analyzed using the 

finite element method. The results of dynamic simulations i.e. waveforms of motor speed, 

electromagnetic torque are obtained. The results have shown that torque and speed 

responses were found to be satisfactory [17]. 

 

K. Latha Shenoy and M. Satyendra Kumar developed an outer rotor PMBLDC motor for 

electric scooter application. The objective is to develop a high power density and high-
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efficiency motor. The specifications of the motor are derived based on scooter parameters 

like total mass of vehicle and people, maximum acceleration, air density, drag coefficient, 

etc. The electromagnetic field analysis is carried out using FEA software to check the 

distribution of flux density in various parts of the motor and compared it with analytical 

design. The magnitude of back emf calculated using the analytical method and the (Finite 

Element Method) FEM are compared and found almost equal. The design is validated by 

comparing results obtained from analytical design and FEA-based design. The designed 

motor is suitable for the direct drive system of electric scooter [18]. 

 

D. Kamalakannan et al. carried out the design of a PMBLDC motor with a surface-mounted 

rotor and interior permanent magnet to meet the performance requirement of the mixer-

grinder application. Dimensional specifications are derived for 48 V/300 V, 10000 rpm, 0.4 

Nm PMBLDC motor for both SPM and IPM types. Finite element analysis of this PMBLDC 

machine is performed and results are presented. The performance of both types of the motor 

is investigated by flux density plot, cogging torque curve, and efficiency vs speed curve. 

The performance of a conventional mixer-grinder with mixer load and dynamometer is also 

evaluated. Mixer performance for universal motor and PMBLDC motor is compared with 

no load and full load. At full load and high speed more than 50% power saving is observed 

in PMBLDC motor drive [19]. 

 

S. Dunkl et al. developed a small single-phase PMBLDC motor of a few watts for fan 

application. The different design constraints are discussed arise during the design process. 

The different design variables like outer rotor diameter, magnet thickness, air gap length, 

number of turns, and the cross-sectional area of the conductor are subjected to tight 

constraints because of the small size of fan application. FEA is carried out to validate the 

design. It is found that the combination of supply voltage and electrical time constant are 

very sensitive for small PMBLDC motors [20]. 

 

D. G. Dorrell et al. presented the analysis of some design issues of radial flux BLDC motor. 

Various design issues like the selection of motor rating, torque per unit rotor volume, 

selection of no. of poles, winding arrangement, magnet selection, selection of stator core 

material and iron loss in it, insulation system, slot fill factor, rotor structure, cooling, and 

thermal issues, etc. are discussed. An 18 slot, 8 poles, 5.5 kW IPM BLDC motor is studied 
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and design information is presented. The current, back emf and torque waveforms are 

discussed for this motor [21]. 

 
2.3 Cogging Torque Reduction Techniques for Radial Flux PMBLDC 

motor 

The radial flux PMBLDC motor has a major disadvantage of high torque ripple. The high 

torque ripple deteriorates the torque quality and produces vibration and unwanted audible 

noise. Cogging torque is the major contributor to the development of torque ripple. The 

cogging torque is generated because of the interaction between the slotted stator structure 

and PMs.  

 

L. Dosiek and Pragasen Pillay proposed two cogging torque reduction techniques, shifting 

of the PMs and magnet pole arc optimization. The cogging torque is given by 

                                               21
2cogg g

dR
T

d



= −                                                           (2.2) 

Where ϕg is the air gap flux, R is the air gap reluctance and θ is the rotor position. 

Cogging torque is inherent in PM machines. It cannot be eliminated but can be minimized 

to improve the torque quality. In the proposed work the optimum pole arc for a given motor 

is obtained. The magnets are shifted relatively from their original position by optimum 

angle. It is examined that the combination of both methods minimizes the cogging torque 

substantially [26]. 

 

W. Q. Chu et al. investigated the effect of skewing on torque ripple, electromagnetic torque, 

and cogging torque. The effect of skewing on cogging torque and torque ripples is 

investigated on motors with different magnet shapes. The influence of skewing with 

different skewing angles is discussed. It is observed that the cogging torque is reduced with 

the application of skewing [27]. 

 

S. Lee et al. presented stator and rotor shape design to reduce cogging torque of IPM BLDC 

motor. The rotor outer diameter is made unequal by increasing the air gap slightly and 

cutting the stator core. Using the design of experiments process, the shape of the rotor and 

stator is obtained. The flux barrier in the rotor is also redesigned. The holes are made in the 

rotor above the PMs. The initial model without any technique has a peak-to-peak cogging 
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torque of 2.5 N.m. The improved model incorporating this technique has peak-to-peak 

cogging torque of 1.1 N.m. [28]. 

 

J. G. Wanjiku et al. discuss some useful techniques for minimization of cogging torque 

which minimally affect machine performance. The three PM rotor topologies were 

analyzed: 0.80 pole-arc ratio, 0.61 - 0.80 alternating pole-arcs, and skewed PM poles with 

a skew of one slot-pitch. The machine topology with a rotor pole arc ratio of 0.8 was 

considered a reference design. The three rotor topologies were simulated using three-

dimensional (3D) FEA. The three rotor topologies were fabricated for the same stator and 

tested experimentally. The experimental results have shown that the alternate pole-arc 

method reduced the cogging torque by 73% and skewed poles reduced it by 48% [29]. 

M. Chabchoub et al. presented a magnet shaping technique to reduce the cogging torque. 

The dimensions of the initial design were given and modeled in FEA software. Four magnet 

shapes i.e. rounded inside shape, rounded outside shape, chamfered shape, and straight 

shapes are simulated using FEA software as shown in Fig. 2.2.  

 
Fig. 2.2 Different PM shapes of SPMSM (a) rounded inside shape (b) rounded outside shape (c) 

chamfered shape (d) straight shape  

The optimization of these four shapes is carried out. The aim was to determine the optimized 

magnet shape which produces the minimum cogging torque. Hence, the influence of each 
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magnet shape on the cogging torque is examined and compared with the initial model. It is 

found that 89 % reduction in cogging torque is obtained using chamfered shape [30]. 

 

A. Yamada et al. discussed the better magnet shape design in IPM synchronous motor. The 

magnet shape is shown in IPM synchronous motor as shown in Fig. 2.3(a). The modified 

shape of the magnet is shown in Fig. 2.3(b). The magnet is divided into two equal parts and 

three designs were made changing the angle θ  to 87°, 85°, and 83°. The distance L remains 

constant in all designs. The effect of change in angle is analyzed on the performance of the 

motor by FE analysis. It is concluded that the distortion in back emf reduces as the angle θ 

reduces. The cogging torque is also reduced with a reduction in θ [31].  

 
(a) 

 
(b) 

Fig. 2.3 IPM BLDC motor section (a) rotor shape in initial design (b) modified magnet structure in 

improved design 

 

Jong Gun Lee et al. presented a new technique to mitigate cogging torque of 16 poles, 24 

slots permanent magnet synchronous motor(PMSM). In standard motor design, no skewing 

is applied on the surface-mounted PMs as shown in Fig. 2.4 (a). The PM shape is changed 

to V-skew to reduce cogging torque as shown in Fig. 2.4 (b). The skewing angle of one pole 

pitch is 11°. The v-skew angle is changed from 0° to 11° and the effect of the v-skew angle 

is analyzed on the cogging torque. It is analyzed that the cogging torque is minimum when 

the v-skew angle is 9° as shown in Fig. 2.5 [32]. 

 
(a) 



  Chapter 2 Literature Survey 

Page | 23 
 

 
(b) 

 
(c) 

Fig. 2.4 Rotor of PMSM (a) skew angle of PM (b) no skew (c) V-skew 

 
Fig. 2.5 Effect of v-skew angle on cogging torque 

J. Zhao et al. presented a stepped slot opening shift method to reduce the cogging torque of 

12 slots, 8 poles IPM motors. The slot openings are segmented along the axial length of the 

motor as shown in Fig. 2.6. The axial length of the motor is 24 mm. Three stator models 

with number of steps equal to 2, 3, and 5 with corresponding shift angle(δ) of 7.5°, 5°, and 

3° are created in FEA software. The FE analysis is carried out to find cogging torque in each 

case. It is observed that cogging torque is reduced to 78.5%, 83.6%, and 95.4% with the 

number of shift steps 2, 3, and 5 respectively as shown in Fig. 2.7 [33]. 

 
Fig. 2.6 Stator with stepped opening shift 
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Fig. 2.7 Comparison of cogging torque waveforms of 2, 3, and 5 steps shift with no shift 

 

R. Islam, et al. analyzed the effect of skewed rotors having different shapes on the cogging 

torque of surface-mounted PMSM. The rotor shapes are shown in Fig. 2.8.  

 
         (a) Bar shape                  (b) loaf shape           (c) petal shape 

Fig. 2.8 Different PM shapes (a) bar shape (b) loaf shape (c) petal shape 

The pole arc remains the same for all three shapes. Three different shapes have their effects 

on average torque. For the same dimensions and other parameters, the bar shaped magnet 

generates more average torque than loaf shape and petal shape PMs. The cogging torque for 

the three shapes has been obtained using FE analysis. The other parameters of the three 

designs remain the same. It is observed that loaf shape PM has a lower peak to peak cogging 

torque than bar shape and petal shape PMs as shown in Fig. 2.9 [34]. 
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Fig. 2.9 Cogging torque profiles of three different shaped designs 

 

T. Liu et al. presented a slot-opening shift technique to reduce the cogging torque of the 

PMBLDC motor. In this technique, stator teeths are divided into groups, and shifting of slot 

opening is applied to each group as shown in Fig. 2.10. It is observed that the cogging torque 

reduction of 84.6% is obtained for 8 pole, 12 slot machine using this technique. It is shown 

that symmetry of the three-phase back emf is not disturbed using this technique and no 

additional harmonic components are added in the back emf [35]. 

 
Fig. 2.10 Slot opening shift of group of slots 

 

Jae-Deok Seo et al. elucidated a design technique of notch structure on the stator to reduce 

the cogging torque of a single-phase BLDC motor. The single-phase BLDC motor produces 

a dead point when back emf and cogging torque are zero. The motor fails to start if the rotor 

is positioned at this zero point. This problem is overcome by using asymmetric air-gap. 

However, an asymmetric air gap increases the cogging torque. Two notches are formed on 

the stator teeth to reduce the cogging torque. The 4 pole, 4 slot single-phase BLDC motor 

is initially designed with a symmetrical air gap. The FE analysis is carried out for symmetric 

notch structure and asymmetric notch structure. It is observed that asymmetric notch 

structure with asymmetric air gap reduces the cogging torque by 12 % compared to the 

initial model [36]. 
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Y. Kim and C. Lee presented a cogging torque reduction method for PMBLDC motor used 

for an electric wheelchair. The initial motor model is designed using the loading distribution 

method. The Initial design is improved by using the Response surface methodology (RSM) 

optimization technique. Two notches are created on each stator's teeth. Slot opening, height, 

and width of notches are selected as design variables for optimization to reduce the cogging 

torque of initial model as shown in Fig. 2.11. FE analysis is carried out to obtain cogging 

torque of the improved model. The optimal values of X1, X2, and X3 are 2.6 mm, 3.3 mm, 

and 0.9 mm respectively. It is analyzed that cogging torque of the improved model is 

reduced by 85 % using this technique [37]. 

 
Fig. 2.11 Design variables of the improved model 

H. Yu et al. presented a dual notched design of a three-phase radial-flux PMBLDC motor 

with low cogging torque and rare earth material usage. Four PM models with different 

mechanical angles and depths of notches were designed as shown in Fig. 12. The notches 

are created on stator teeth and four different stator models were created as shown in Fig. 

2.13.  Using FE analysis and simulation, the one that best-matched objectives was selected 

which has less cogging torque. A prototype was fabricated to validate the design. Using a 

dual notched design, the cogging torque reduction was found to be 62.8%, and the rare earth 

material volume cut was 6.7% on average, compared with a normal structured PMBLDC 

motor. The aims of reducing rare earth material usage and cogging torque were shown to be 

realizable through simulations [38]. 
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Fig. 2.12 Four different designs of PM 

 
Fig. 2.13 Four different structures of stator teeth 

M. Norhisam et al. presented a cogging torque reduction method using flux barrier in a 

single-phase BLDC motor. The use of a slit as a flux barrier allows the cogging torque to 

be reduced. The cross-sectional view of the motor and the slit as a flux barrier are shown in 

Fig. 2.14. 

 

 
Fig. 2.14 (a) Cross-sectional view of BLDC motor (b) Slit as a flux barrier 

The slit angles 1 and 2 are changed and the effect of change in slit angles is analyzed on 

cogging torque. The use of slit stables the flux density in the air gap is made stable. The 

placement of the slit has a major impact on the brushless DC motor's cogging torque. The 
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flux is directed from a high-density area to a low-density area by the slit. It results in a more 

evenly distributed flux density distribution in the motor. It is analyzed that cogging torque 

produced by the motor is reduced by 45 % when the slit’s angles 1 and 2 are 80° compared 

to that when slit’s angles 1 and 2 are 70° [39]. 

Z. Q. Zhu et al. analyzed the effect of additional air gaps between stator segments on cogging 

torque. Additional air gaps between the stator teeth and back-iron segments are always 

present due to manufacturing constraints. 

 
Fig. 2.15 Stator stamping having an additional air gap between stator teeth and back iron 

As the air gaps between stator teeth and back-iron segments increase the magnitude of 

cogging torque increases. Both uniform and nonuniform additional stator gaps are analyzed. 

The uniform additional stator gaps increase the cogging torque amplitude but do not affect 

its periodicity, whereas the nonuniform stator gaps increase the cogging torque amplitude 

and periodicity greatly. The skewing technique to reduce the cogging torque becomes 

ineffective when there are non-uniform additional stator gaps [40]. 

 
Fig. 2.16 Cogging torque profiles for different uniform air gaps between stator teeth and back iron 
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Fig. 2.17 Cogging torque profile having uniform additional stator gaps or one larger stator gap/the 

rest uniform gaps 

 
2.4 Use of Superior Magnetic Material 

The cost of electrical energy is increasing day by day. Electrical motors consumed 

approximately 70 % of the total electricity generated. Electric motor efficiency and energy 

management have generated immense concern. 1 % improvement in the efficiency of 

electrical motors will save billions of units per year. The development and 

commercialization of high-efficiency electric motor drives become a major necessity to 

reduce dependency on fossil fuel and protect the environment against global warming. 

During the energy conversion process, power losses are dissipated as heat. Over time, 

advancements in soft magnetic materials resulted in significant reductions in iron losses.   

 

H. Toda et al. developed a new high flux density non-oriented electrical steel sheet (JNP 

Core). Two kinds of high flux density and low iron loss Si steel materials JNP5 and JNP7 

with the thickness of 0.35 and 0.50 mm have been developed. JNP Core is considered to be 

excellent for lamination material in PM or induction motors due to its high flux density and 

minimal iron loss. Because of its high flux density, JNP Core is considered to be suited for 

a core material in Electric Vehicle (EV) and Hybrid Electric Vehicle (HEV) traction motors 

that demand a high torque. JNP core is considered to be suitable for improving motor 

efficiency of PM brushless motors and induction motors that require high torque and/or 

downsizing in which the high operation flux density is needed. Three-phase induction 

motors were tested using JNP core material and it is found that with operating flux density 
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over 1.6 T, the increase in motor efficiency is more than 1 %. Specifically, JNP5 is a more 

effective core material to improve motor efficiency [58]. 

 

R. Kolano et al. carried out research work related to the development of production 

technology of amorphous core designed for the stator of  PMBLDC motors. The core was 

made from Metglas 2605 SA1 amorphous (Fe78Si13B9) alloy. The core was used in the 

prototype high-speed 1 kW, 70,000 rpm PMBLDC motor. The performance tests were 

carried out on 1 kW PMBLDC motor having this amorphous core, which confirmed its 

proper operation and satisfactory mechanical characteristics and efficiency. It was found 

that power losses in the stator with this amorphous material were significantly lower than 

conventional material(less than 7 W) [59]. 

 

W. S. Chen et al. presented an analysis of stator core losses for a three-phase, 32 pole 

PMBLDC motor. Two motors of the same rating were designed, one using ferrite and the 

other using steel laminations. The stator core losses are evaluated using FE analysis. The 

theoretical analysis and experimental results are derived from the inverter-controlled BLDC 

motor drive. The motor with ferrite stator is promising for high-frequency motor drives 

applications due to lower iron losses. Experimental results show that motor with ferrite core 

provides 15 % efficiency advantages over steel laminated stator. On the other hand, a motor 

with a steel laminated stator produces higher torque than that of ferrite material [60].  

 

T. Ishikawa et al. developed a new brushless dc motor whose stator and rotor are made of 

soft magnetic composite(SMC) material. SMC material has low eddy current loss, flexible 

machine design and assembly, low production cost, and relatively good recyclability. 

However, it has low efficiency compared to laminated core. The hollow is made in the stator 

teeth to reduce copper losses and increase the efficiency of the motor. 3-D FE analysis is 

carried out to obtain the steady-state characteristic of the motor. It is observed that the 

efficiency of the motor made from SMC material is higher than that of the conventional 

laminated core [61]. 

 

D. G. Dorrell et al. modeled Toyota Prius 2004 IPM brushless dc motor using FE analysis 

with different laminated steel materials. The influence of high flux density material on motor 

efficiency, volume, and size is evaluated. High-efficiency PMSMs are widely used in hybrid 

and electric vehicles. Rare-earth magnets are used in motors that have high torque-per-rotor 
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volume. The performance of the IPM brushless dc motor and spoke type of motor is 

compared using FE analysis. It is observed that IPM motors that use high flux density 

laminated steel material lead to a 19 % reduction in magnet and steel material. The spoke 

type rotor uses a similar magnet volume that of IPM motor but the assembly of magnets is 

quite straightforward than IPM motor [62]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 2 Literature Survey 
 

Page | 32 
 

 

 

 

 



Page | 33 
 

CHAPTER – 3 

 

3 Design of Radial Flux PMBLDC Motor 

 

Important Design Considerations 

The design of radial flux PMBLDC Motor is a quite complex and nonlinear problem 

involving many design variables. Following are the main four steps to designing radial flux 

PMBLDC motor [14]. 

1. Calculation of the main dimensions 

2. Stator design 

3. Rotor design 

4. Performance estimation 

 

3.1 Calculation of Main Dimensions 

Stator outer diameter, rotor outer diameter, and axial length are the main dimensions of the 

radial flux PMBLDC motor as shown in Fig. 3.1. Efficiency and torque are the significant 

performance parameters of the radial flux PMBLDC motor. To determine the main 

dimensions, various design variables are required to be assumed. These variables are air gap 

flix density (Bg), Torque per unit rotor volume(Ktrv), efficiency(η), number of coils excited 

simultaneously(Nc), number of slots(Ns), number of slots per pole per phase(Nspp), number 

of poles(Nm), stacking factor(kst), winding factor(Kw). 
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Fig. 3.1 3-D view of radial flux PMBLDC motor showing main dimensions 

The geometry showing cross-sectional view and other dimensions is shown in Fig. 3.2.  

 

Fig. 3.2 Radial flux PMBLDC motor showing various dimensions 

The main dimension can be calculated by assuming Ktrv, aspect ratio, and split ratio. 

Ktrv is defined as torque per unit rotor volume. The range for Ktrv is given in TABLE 3.1[8]. 

For the fixed rotor outer diameter, torque per unit volume is directly proportional to the air 

gap flux density Bg, the number of magnet poles Nm, and the coil ampere-turns Ni. As the 
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volume of the motor increases the torque per unit volume decreases. If the motor volume is 

large then the value of torque per unit volume (Ktrv) is less. 

TABLE 3.1 Range of torque per unit rotor volume for different types of motors 

Sr. 

No. 

Type of Motor Ktrv (kNm/m3) 

1. Totally enclosed motors < 1 kW 1.4 - 4 

2. Totally enclosed motors(ferrite)> 1 kW 7 - 14 

3. Totally enclosed motors (NdFeb) 14 - 42 

4. High performance motors 15 - 50 

5. Aerospace motors 30 - 75 

 

Aspect ratio: Aspect ratio is defined as the ratio of axial length to the stator outer diameter. 

The range of aspect ratio is given as 

Aspect ratio  0.2 1.4
so

L

D
= = −          (3.1) 

Split ratio: Split ratio is defined as the ratio of the rotor outer diameter to the stator outer 

diameter. The range of split ratio is given as 

Split ratio  0.4 0.7ro

so

D

D
= = −           (3.2) 

Main dimensions like rotor outer diameter, stator outer diameter, and axial length are 

calculated as follows: 

Torque per unit rotor volume is directly proportional to air gap flux density and specific 

electric loading ac. 

Torque per unit rotor volume is given by 

3

2
      /

4

trv

ro

T
K kNm m

D L


=  
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K split ratio

−
= 

 
         (3.3) 

Using eq. (3.1) and (3.3) Dso can be calculated as follows 

so

L
D

aspect ratio
=            (3.4) 

Rotor outer diameter (Dro) can be calculated using 

ro soD D split ratio=             (3.5) 

 

Selection of Average Air Gap Flux Density (Bg): 

The range of average air gap flux density i.e. specific magnetic loading is 0.45 T to 0.9 T in 

radial flux PMBLDC motor. Increasing the air gap flux density increases the force 

generated. The amount of flux density improvement achievable is limited by the ability of 

the stator teeth to pass the flux without excessive saturation. The use of a rare-earth magnet 

may allow the value of Bg to be as high as 0.9 T. The flux is produced by permanent magnets 

in radial flux PMBLDC motor. As the air gap flux density rises, the length of the magnet 

lengthens, which increases the cost of the motor [22]-[25]. 

 

Selection of Specific Electric Loading (ac): 

The higher value of specific electric loading increases the copper losses and reduces the 

efficiency. The higher value of specific electric loading reduces the permanent magnet 

requirement thus reducing the overall cost of the motor. The lower value of specific electric 

loading increases the efficiency but it requires a huge amount of permanent magnet material 

thus increasing the cost of the motor. 

 

Selection of the number of poles (Nm): 

The force generated by the motor increases with the increase in the number of poles. 

Increasing the number of poles in the fixed area results in decrease in magnet width. This 

will increase the magnet leakage flux causing reduction in air gap flux density. So the force 

does not increase indefinitely. With the addition of more magnet poles, the force will 

eventually diminish. This suggests that there is a certain number of magnet poles that are 

optimal. The pole pitch reduces with an increase in the number of poles thus reducing the 

end turn. The end turn becomes shorter, reducing the phase resistance and increasing the 

motor efficiency.  
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3.2 Stator Design 

Stator design includes calculation of the number of turns per phase (Tph), number of turns 

per slot (ns), and other geometrical parameters about stator slot and teeth. 

Calculation of number of turns per phase: 

Phase voltage is given by, 

 2
bus bus

ph

c

V V
E

N
= =

 
Phase current is given by,  

ph

c ph

P
I

N E
=

 
 

                        

Number of turns per slot is now calculated using, 

int ph

s

s ph

T
n

N N

 
=  

 
 

                      (3.6) 

Total Flux: Total flux in the air gap is defined as 

total g gB A = =    

2g g roB R L =                           (3.7) 

 

Thus the back iron must support one-half of the air gap flux that is back iron flux is

2bi g =                         (3.8) 

 

Lamination stacking Factor (kst): Lamination decreases the amount of magnetic material 

available to carry flux within a given cross-sectional area [1]. To compensate for this in 

analysis, a stacking factor is defined as 

 

Cross section occupied by magnetic material
Total cross sectionstk =                    (3.9) 

 

This factor is important for the accurate calculation of flux densities in laminated magnetic 

materials. Typically stacking factor ranges from 0.5 to 0.95. For M19 29 gauge steel 

lamination, the stacking factor considered is 0.9. 

 

The range of preferred flux density in various parts of the motor is shown in TABLE 3.2. 
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TABLE 3.2 Range of preferred flux density in various parts of the motor 

Sr. 

No. 

Magnetic path section Flux density (T) 

1. Stator back iron (Bsy) 1.2 - 1.5 

2. Stator teeth (Bst) 1.7 - 1.9 

3. Rotor back iron (Bry)  1.2 - 1.5 

 

Width of stator back iron (wbi) and stator tooth (wtb): 

 

 
Fig. 3.3 Slot geometry for radial flux PMBLDC motor 

If the flux density allowed in the back iron is Bsy  width of stator back iron can be calculated 

using, 

2
g

bi

sy st

w
B k L


=                                               (3.10) 

ro g

bi

m st sy

R B
w

N k B


=                     (3.11)  
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Geometric parameters: The important geometric parameters are calculated by assuming 

design variables. Various radius is calculated as follows: 

       

Stator inside radius, 
si sb s ro gR R d R l= − = +       (3.12) 

 

Rotor inside radius, 
ri ro m ryR R l w= − −                  (3.13) 

The pole pitch at the inside surface of the stator is related to the angular pole pitch by 

p si pR =            (3.14) 

Where θp is the angular pole pitch in mechanical radian = 2
p

mN


 =   (3.15) 

Likewise, the slot pitch at the rotor inside radius is, s si sR =     (3.16) 

Where the angular slot pitch in mechanical radian, 2
s

sN


 =       (3.17)   

Knowledge of the slot opening ws gives the tooth width at the stator surface of t s sw w= −

           

The width of the slot bottom is,  sb sb s tbw R w= −       (3.18) 

 

The total slot depth is given by, 
s sb ro gd R R l= − −      (3.19) 

Given that 1 2 3sd d d d= + +  and 1 2 sd tbd d w+ =  

 

Where sd is shoe depth fraction 

Area of the slot is given by, copper area in slot
Space factor ( )s

f

A
S

=       

ss

s

f

a n
A

S
=           (3.20) 
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Range of space factor Sf is from 0.25 to 0.5. 

Stator conductor area can be calculated by assuming the suitable value of current density 

(δ). 

Phase current, 

Current density, 
ph

s

I
a


=         (3.21) 

Current density 4-10 A/mm2 is recommended for PM motor’s windings. 

 
3.3 Rotor Design 

Various types of PM material are available today. The types available include 

a. Alnico 

b. Ferrite 

c. Rare-earth samarium-cobalt 

d. Neodymium-iron-boron (NdFeB) 

 

Ferrite types are the most popular because they are cheap. NdFeB magnets are more popular 

in higher-performance applications because they are much cheaper than samarium cobalt. 

Most magnet types are available in both bonded and sintered forms. Bonded magnets are 

formed by suspending powdered magnet material in a non-conductive, nonmagnetic resin. 

Magnet formed in this way is not capable of high performance [1]. 

 

Overall, each magnet type has different properties leading to different constraints and 

different levels of performance in brushless PM motors.  
 

Length of air gap (lg): The range of length of air gap for PMBLDC Motor is 0.5 to 2 mm. 

Magnet Thickness (lm): 

A rough and ready estimate of magnet thickness is about 10 times the air gap length. 

Flux concentration factor [1], 2
1

m

m

C




=

+
      (3.22) 

Magnet thickness can be calculated using the formula, 
1

lkg r

g

g

rec

m

F B C
B

l
C

l





=
 

+   
 

 (3.23) 
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The properties of various permanent magnet materials are shown in TABLE 3.3. 
TABLE 3.3 Properties of various permanent magnet materials 

Property Alnico Ceramic Sm2C017 NdFeB 

Br (T) 1.35 0.405 1.06 1.12 

μoHc   (T) 0.074 0.37 0.94 1.06 

(BH)max  (MGOe) 7.5 3.84 26.0 30.0 

Br temp. coeffi. (%/ °C) -0.02 -0.2 -0.025 -0.1 

Recoil permeability, μrec 7 1.1 1.03 1.05 

Coercive force, Hc(kA/m)   119.3 190.8 695.6 882.5 

 
Rotor Dimensions: 

Rotor yoke thickness can be calculated using, 
2

g ro g

ry

ry st m st ry

R B
w

B k L N k B

 
= =              (3.24) 

 

Rotor inside radius can be calculated using, ri ro m biR R l w= − −  

 
3.4 Performance Estimation 

Performance estimation includes the determination of copper losses, iron losses, and 

efficiency. 

Efficiency: Efficiency is calculated using, 
 + + +  

out

out cu i fw

P

P P P P
 =    (3.25) 

Where, 

 Pout =  output power 

 Pcu  =  copper losses 

 Pi    =  iron losses 

 Pfw  =  Friction and windage losses 

 

Copper losses (Pcu): Only some fraction of the total cross-sectional area is occupied by slot 

conductors themselves. This fraction is taken into account by specifying a conductor packing 

factor as, 

Area occupied by conductor
Total slot area cpk =                   (3.26) 
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Slot resistance Rs is given by, 
2
s

s

cp s

n L
R

k A


=       (3.27) 

End turn resistance Re is given by, 
2

2
c s

e

cp s

n
R

k A


=      (3.28) 

As = slot cross sectional area 

Nsp = slots per pole 

ns = Turns per slot 

τc = coil-pitch factor 

ρ = 1.72 x 10-8 

 

Phase resistance is calculated using, ( )ph sp s eR N R R= +     (3.29) 

Copper loss is calculated using, 2
cu ph ph phP N I R=      (3.30) 

 

Iron losses (Pi): 

The iron losses can be calculated using following expression 

 

i bi st spP V P=           (3.31) 

Where Pi = iron losses 

             ρbi = mass density(kg/m3) of back iron 

             Vst = stator volume 

             Psp = specific iron loss at flux density of back iron (iron loss/kg) 

Stator volume is given by, ( )2 2
st so si s s stV R R N A Lk = − − 

 
   (3.32) 

 

Friction and Windage losses (Pfw): 

Friction and windage losses are approximately 1 % to 2 % of output power. 

 
3.5 Chapter Summary 

The design procedure of radial flux PMBLDC motor is presented in this chapter. Various 

design variables are assumed based on performance requirements, availability of materials 

and manufacturing feasibility. The high energy permanent magnet material and 
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ferromagnetic material of high relative permeability & low specific iron loss can be used to 

enhance the performance of the radial flux PMBLDC motor. The equations to estimate 

performance parameters based on the design data are derived. The next chapter presents 

Computer Aided Design (CAD) and Finite Element Analysis (FEA) of 200 W, 2.2 kW and 

20 kW radial flux PMBLDC motors.  
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CHAPTER – 4 

  

4 CAD and FEA of Radial Flux PMBLDC Motor 

 

A design involves calculating the dimensions of various components and parts of the 

machine, weights, material specifications, output parameters, and performance in 

accordance with specified international standards. The manual design procedure of a 

machine is time-consuming, needs more manpower and the accuracy level may be lower. 

During manual design sometimes a lot of approximations are required to be considered 

which gives inaccurate results. Hence, the design of electrical machines is an iterative 

process wherein the assumed data may have to be varied many times to arrive at the desired 

design. Computer-Aided Design (CAD) performs the task with high accuracy in less time. 

CAD program incorporating decision-making loops can be used in design optimization. 

 

4.1 CAD Procedure 

Design of radial flux PMBLDC Motor is quite complex and nonlinear problem involving 

many design variables like torque per unit rotor volume, airgap flux density, flux densities 

in stator yoke, rotor yoke, and stator teeth, winding factor, stacking factor, current density, 

etc. To design and develop a good radial flux PMBLDC Motor is a challenge for motor 

designers as the design procedure is not well established and proven. Finite element analysis 

is required for the validation of the design. CAD programs are developed according to the 

analytical design outcome of the radial flux PMBLDC motors. 

The flow chart about the CAD of the surface-mounted radial flux PMBLDC motor is shown 

in Fig. 4.1. Motor specifications, material types, and other assumed data for the design are 

provided as the input. The calculation of the main dimensions, stator design, permanent 

magnet rotor design, and performance calculations are the main steps of the design 

procedure. The outer loop is to set and correct the assumed efficiency. 
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Fig. 4.1 Flow chart of CAD of radial flux PMBLDC motor 

 
4.2 Selection of Materials for PMBLDC Motor 

 

• Selection of Permanent Magnet Material: 

Normally, a permanent magnet is an integral part of the motor so mechanical and 

electrical properties have to be considered. The selection of permanent magnet material 

depends on the cost and thermal stability. Out of various types of permanent magnet 

materials commercially available as of day, Neodymium-Iron-Boron (NdFeB) is having 

the highest energy product and also the highest residual flux density. NdFeB is selected 

for the design of the PMBLDC Motor because of its maximum energy product, (BH)max 

= 30 MGOe and higher residual flux density, (Br) = 1.12 T. The high remanence and 
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coercivity of NdFeB material enable it appreciable reduction in motor frame size for the 

same output compared to other types of permanent magnet materials.  The magnetizing 

characteristic of NdFeB magnet is a straight line [4]. 

● Selection of Stator Core Material: 

Manufacturing affects the iron losses in the steel. The properties of steel are affected by 

punching and cutting. If a complicated lamination shape is used, the properties will be 

affected. Cold rolled non-grain-oriented steel (CRNGO) is available in the Indian market. 

Hence, it is selected for stator core. Cutting, shaping, or machining of stator material is 

quite difficult aspect of fabrication as cutting of CRNGO steel requires  

50 Pa pressure. 

● Selection of Rotor Core Material: 

The choice of soft magnetic material for stator and rotor core depends on the frequency 

and operating flux density. As negligible flux reversals occur at rotor back iron, the choice 

can be on flux density alone. The rotor core material selected for the PMBLDC motor is 

Cold rolled non-grain-oriented steel (CRNGO). This is done as the rotor core always 

carries a unidirectional flux produced by the permanent magnet and also as the effect of 

armature reaction is negligible owing to a large airgap (the PM also acts as an airgap due 

to its μr  = 1). 

• Winding Material: 

Copper is used as a winding material. 

 
4.3 Design Information of 200 W PMBLDC Motor 

The specifications of the motor are listed in TABLE 4.1. 

 
TABLE 4.1 Specification of 200 W PMBLDC motor 

Parameter Symbol Value 

Power P 200 W 

Voltage V 24 V 

Speed N 1000 rpm 

Number of phases Nph 3 
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Assumed Design Variables: Assumed design variables for the analytical design of this 

motor are given in TABLE 4.2. 
TABLE 4.2 Design variables of 200 W PMBLDC motor 

Parameter Symbol Value 

Torque per unit rotor volume (kNm/m3) 
trvK  19.1 

Airgap flux density (T) 
gB  0.8 

Efficiency (%)   85 

No. of stator slots 
sN  24 

No. of coils excited simultaneously 
cN  2 

No. of poles 
pN  4 

Length of airgap (mm) 
gl  0.5 

Winding factor  
wK  0.95 

Remanent flux density(T) 
rB  1.25 

Relative recoil permeability 
rec  1.05 

Stacking factor 
stk  0.95 

Stator yoke flux density (T) 
syB  1.5 

Rotor yoke flux density (T) 
ryB  1.1 

Stator teeth flux density (T) 
stB  1.7 

 

Design outcome: The outcome of the analytical design of 200 W, 24 V, 1000 rpm radial 

flux PMBLDC motor is shown in TABLE 4.3. 

TABLE 4.3 Design output of 200 W PMBLDC motor 

Parameter Symbol Value 

Torque (N.m.) T  1.91 

Stator outer diameter (mm) 
soD  87 

Stator inner diameter (mm)  
siD  52 

Rotor outer diameter (mm) 
roD  51 

Rotor inner diameter (mm) 
riD  18 

Axial length (mm) L  50 
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Thickness of magnet (mm) 
ml  5 

Width of stator yoke (mm) 
syW  6.7 

Width of rotor yoke (mm) 
ryW  11.5 

Tooth body width (mm) 
tbW  3.5 

Total slot depth (mm) 
sd  10.8 

Conductor slot depth (mm) 3d  9.5 

Width of slot (mm) 
sbW  5 

No. of turns per phase 
phT  48 

Slot area (mm2) 
sA  40 

Phase resistance (Ω) 
phR  0.15 

Copper loss(W) 
cuP  30.94 

Iron loss(W) 
iP  1.95 

Friction loss(W) 
fwP  2 

Total loss(W) 
totalP  34.89 

Efficiency (%)   85.14 

 

4.4 Design Validation by Finite Element Analysis 

Finite Element Analysis (FEA) is a computer simulation technique used in engineering 

analysis. It uses a numerical technique called the Finite Element Method (FEM). It is a 

technology that uses computers to anticipate the behavior of various types of physical 

systems, based on the finite element method (FEM). The software tools available for FEA 

of electrical machines are Magnet, Motorsolve, Ansys, Maxwell, Speed, etc. FEA software 

is a popular tool among engineers and physicists because it allows for the precise, versatile, 

and practical application of physical laws to real-life problems. The FEM has proved to be 

particularly flexible, reliable, and effective in the analysis and synthesis of power-frequency 

electromagnetic devices. Modern FEA software tools are user-friendly and allow for 

calculating the electromagnetic field distribution and integral parameters without detailed 

knowledge of applied mathematics. The FEM can accurately analyze PM circuits of any 

shape and material. There is no need to calculate reluctance, leakage factors. The PM 

demagnetization curve is the input to the finite element program which can calculate the 

variation of the magnetic flux density throughout the magnet and motor. An important 
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advantage of finite element analysis over the analytical approach to PM motors is the 

inherent ability to calculate armature reaction effects and the electromagnetic torque 

variation with rotor position. Finite Element (FE) Analysis is comprised of pre-processing, 

solution, and post-processing phases. Validation of analytical design of electrical machines 

is carried out using FE analysis. The one-dimensional (1D), two-dimensional (2D) or three-

dimensional (3D) FE models can be created in FEA software and FEA is carried out to 

validate the analytical design. The results obtained from FEA are very accurate. So, before 

fabricating the electrical machine, the analytical design of the electrical machine should be 

validated using FEA software. 

Based on the outcome of the CAD program, a model of 200 W, 24 V, 1000 rpm radial flux 

PMBLDC motor is modeled in MotorSolve software as shown in Fig. 4.2 (a). This figure 

also helps in visualizing the geometry of the designed motor. 

 

(a) 

 

(b) 

Fig. 4.2 200 W radial flux PMBLDC motor (a) FE model (b) flux density plot 

FE analysis of 200 W radial flux PMBLDC motor is carried out in Motorsolve software with 

two of the three phases excited at a time with rated current fed to the phase windings. 

Magnetic circuit analysis includes checking flux densities in various sections of the motor 

and comparing it with the assumed flux density during analytical design. Dimensions of 

magnetic sections depend on flux and flux densities in the respective section. If the actual 

flux density established in the magnetic section is higher than the maximum allowable flux 

density of the material then it causes saturation in that section. Iron losses increases in that 

section and motor efficiency reduces. The flux density plot of the motor is shown in Fig. 4.2 

(b). The actual flux density in various parts of the motor is in line with the assumed flux 

density of the respective parts. 
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The average torque output of the motor has been determined with two dimensional FE 

analysis. 2-D transient simulation has been carried out. In this analysis, the rotor is made as 

a motion component and is rotated at the rated speed of 1000 rpm. The stator winding is 

energized by appropriate switching of inverter switches. The value of electromagnetic torque 

at discrete rotor positions is obtained and plotted against these rotor positions. The average 

torque profile of 200 W radial flux PMBLDC motor obtained from FEA is shown in Fig. 

4.3. The average torque obtained using FE analysis is  

1.91 N.m. against the designed torque of 1.90 N.m. 

 
Fig. 4.3 Average torque profile of 200 W PMBLDC motor 

Cogging torque is inherent in permanent magnet motors due to interaction between  

air-gap permeance variation and rotor magnetomotive force. A Series of simulation 

exercises have been performed to obtain cogging torque waveform of the reference motor. 

The stator winding is not energized and the rotor is rotated in the step of 1° mechanical up 

to 15°. The value of torque obtained for each degree of rotation of the rotor is noted. The 

curve plotted between instantaneous torque values and rotor positions is known as cogging 

torque profile. The cogging torque profile of 200 W radial flux PMBLDC motor, for one 

cycle of the fundamental frequency, obtained using 2-D FE analysis, is shown in Fig. 4.4. It 

is analyzed that peak to peak cogging torque is 1.1 N.m. 

 
Fig. 4.4 Cogging torque profile of 200 W PMBLDC motor 
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The comparison between results of analytical-based design and FE analysis-based design 

are tabulated in TABLE 4.4. From the comparison, it can be concluded that the FE analysis 

is validating the design output of analytical design for 200 W, 24 V, 1000 rpm radial flux 

PMBLDC motor. The validation of analytical design can be done by comparing the average 

torque and power obtained using FE analysis with that obtained using analytical design. 

 
TABLE 4.4 Comparison between analytical-based and FE-based results of 200 W motor 

Sr. 

No. 

Performance parameters Using analytical 

design 

Using FE analysis 

1. Output power (W) 200 202 

2. Developed average torque (N.m.) 1.90 1.91 

3. Flux density in stator teeth (T)  1.7 1.75 

4. Flux density in stator core (T) 1.5 1.6 

5. Flux density in rotor core (T) 1.1 1.2 

 

It is observed that the analytical design-based and FE analysis-based results are fairly 

matching with each other; however, the minor difference is due to the empirical design 

formulae used in the analytical design. 

 
4.5 Design Information of 2.2 kW PMBLDC Motor 

The specifications of the motor are listed in TABLE 4.5. 
TABLE 4.5 Specification of 2.2 kW PMBLDC motor 

Parameter Symbol Value 

Power P 2.2 kW 

Voltage V 230 V 

Speed N 1450 rpm 

Number of phases Nph 3 

 

Assumed Design Variables: Assumed design variables for the analytical design of this 

motor are given in TABLE 4.6. 
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TABLE 4.6 Design variables of 2.2 kW PMBLDC motor 

Parameter Symbol Value 

Torque per unit rotor volume (kNm/m3) 
trvK  25.3 

Airgap flux density (T) 
gB  0.8 

Efficiency (%)   95 

No. of stator slots 
sN  24 

No. of coils excited simultaneously 
cN  2 

No. of poles 
pN  4 

Length of airgap (mm) 
gl  0.5 

Winding factor  
wK  0.95 

Remanent flux density(T) 
rB  1.25 

Relative recoil permeability 
rec  1.05 

Stacking factor 
stk  0.95 

Stator yoke flux density (T) 
syB  1.5 

Rotor yoke flux density (T) 
ryB  1.2 

Stator teeth flux density (T) 
stB  1.9 

 

Design outcome: The outcome of the analytical design of 2.2 kW, 230 V, 1450 rpm radial 

flux PMBLDC motor is shown in TABLE 4.7. 

TABLE 4.7 Design output of 2.2 kW PMBLDC motor  

Parameter Symbol Value 

Torque (N.m.) T  14.48 

Stator outer diameter (mm) 
soD  169 

Stator inner diameter (mm)  
siD  85 

Rotor outer diameter (mm) 
roD  84 

Rotor inner diameter (mm) 
riD  29.2 

Axial length (mm) L  104 

Thickness of magnet (mm) 
ml  4 

Width of stator yoke (mm) 
syW  19 
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Width of rotor yoke (mm) 
ryW  23.4 

Tooth body width (mm) 
tbW  5 

Total slot depth (mm) 
sd  23 

Conductor slot depth (mm) 3d  19.3 

Width of slot (mm) 
sbW  8.1 

No. of turns per phase 
phT  104 

Slot area (mm2) 
sA  187 

Phase resistance (Ω) 
phR  0.17 

Copper loss(W) 
cuP  34 

Iron loss(W) 
iP  18.82 

Friction loss(W) 
fwP  22 

Total loss(W) 
totalP  74.82 

Efficiency (%)   96.5 

 

4.6 Design Validation by Finite Element Analysis 

Based on the outcome of analytical design, a model of 2.2 kW, 230 V, 1450 rpm radial flux 

PMBLDC motor is modeled in MotorSolve software as shown in Fig. 4.5 (a). 

 

(a) 
 

(b) 

Fig. 4.5  2.2 kW radial flux PMBLDC motor (a) FE model (b) flux density plot 
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The flux density plot of 2.2 kW, 230 V, 1450 rpm radial flux PMBLDC motor obtained from 

the FE analysis is shown in Fig. 4.5 (b). It is analyzed that the actual flux density in various 

parts of the motor is nearly equal to the assumed flux density of the respective parts.  

 

The average torque profile of this motor obtained using FE analysis is shown in  

Fig. 4.6. The average torque obtained using FE analysis is 14.5 N.m. against the designed 

torque of 14.48 N.m. 

 

 
Fig. 4.6 Average torque profile of 2.2 kW PMBLDC motor 

The cogging torque profile of 2.2 kW PMBLDC motor obtained using 2-D FE analysis is 

shown in Fig. 4.7. It is analyzed that peak to peak cogging torque is 5.96 Nm. 

 
Fig. 4.7 Cogging torque profile of 2.2 kW PMBLDC motor 

The comparison between results of analytical-based design and FE analysis-based design 

are tabulated in TABLE 8. From the comparison, it can be concluded that the FE analysis is 

validating the design output of analytical design for 2.2 kW, 230 V, 1450 rpm radial flux 

PMBLDC motor. The validation of analytical design can be done by comparing the average 

torque and output power obtained using FE analysis with that obtained using analytical 

design. 
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TABLE 4.8 Comparison between analytical-based and FE-based results of 2.2 kW motor 

Sr. 

No. 

Performance parameters Using analytical 

design 

Using FE analysis 

1. Output power (kW) 2.20 2.19 

2. Developed average torque (N.m.) 14.48 14.5 

3. Flux density in stator teeth (T)  1.9 1.8 

4. Flux density in stator core (T) 1.5 1.3 

5. Flux density in rotor core (T) 1.2 1.1 

 

It is observed that the analytical design-based and FE analysis-based results are fairly 

matching with each other; however, the minor difference is due to the empirical design 

formulae used in the analytical design. 

 
4.7 Design Information of 20 kW PMBLDC Motor 

The specifications of the motor are listed in TABLE 4.9. 

 
TABLE 4.9 Specification of 20 kW PMBLDC motor 

Parameter Symbol Value 

Power P 20 kW 

Voltage V 230 V 

Speed N 1500 rpm 

Number of phases Nph 3 

 

Assumed Design Variables: Assumed design variables for the analytical design of this 

motor are given in TABLE 4.10. 
TABLE 4.10 Design variables of 20 kW PMBLDC motor 

Parameter Symbol Value 

Torque per unit rotor volume (kNm/m3) trvK  17 

Airgap flux density (T) gB  0.8 

Efficiency (%)   97 
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No. of stator slots 
sN  24 

No. of coils excited simultaneously 
cN  2 

No. of poles 
pN  8 

Length of airgap (mm) 
gl  1 

Winding factor  
wK  0.95 

Remanent flux density(T) 
rB  1.25 

Relative recoil permeability 
rec  1.05 

Stacking factor 
stk  0.95 

Stator yoke flux density (T) 
syB  1.5 

Rotor yoke flux density (T) 
ryB  1.2 

Stator teeth flux density (T) 
stB  1.9 

 

Design outcome: The outcome of the analytical design of 20 kW, 230 V, 1500 rpm radial 

flux PMBLDC motor is shown in TABLE 4.11. 

TABLE 4.11 Design output of 20 kW PMBLDC motor  

Parameter Symbol Value 

Torque (N.m.) T  127.3 

Stator outer diameter (mm) 
soD  325 

Stator inner diameter (mm)  
siD  212 

Rotor outer diameter (mm) 
roD  210 

Rotor inner diameter (mm) 
riD  142 

Axial length (mm) L  214 

Thickness of magnet (mm) 
ml  5 

Width of stator yoke (mm) 
syW  32.2 

Width of rotor yoke (mm) 
ryW  29 

Tooth body width (mm) 
tbW  13 

Total slot depth (mm) 
sd  24.5 

Conductor slot depth (mm) 3d  14 

Width of slot (mm) 
sbW  11.4 
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No. of turns per phase 
phT  20 

Slot area (mm2) 
sA  280 

Phase resistance (Ω) 
phR  0.0126 

Copper loss(W) 
cuP  205.2 

Iron loss(W) 
iP  129.48 

Friction loss(W) 
fwP  200 

Total loss(W) 
totalP  534 

Efficiency (%)   97.3 

 

4.8 Design Validation by Finite Element Analysis  

Based on the outcome of analytical design, a model of 20 kW, 230 V, 1500 rpm radial flux 

PMBLDC motor is modeled in MotorSolve software as shown in Fig. 4.8 (a). 

 

(a) 

 

(b) 

Fig. 4.8 20 kW radial flux PMBLDC motor (a) FE model (b) flux density plot 

The flux density plot of 20 kW, 230 V, 1500 rpm radial flux PMBLDC motor obtained from 

the FE analysis is shown in Fig. 4.8 (b). The actual flux density in various parts of the motor 

is matching with the assumed flux density of respective parts. 

The average torque profile of this motor obtained using FE analysis is shown in Fig. 4.9. 

The average torque obtained using FE analysis is 127.6 Nm against the designed torque of 

127.3 Nm. 
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Fig. 4.9 Average torque profile of 20 kW PMBLDC motor 

The cogging torque profile of 2.2 kW PMBLDC motor obtained using 2-D FE analysis is 

shown in Fig. 4.7. It is analyzed that motor generates peak to peak cogging torque of 

48.6 N.m. 

 

 

Fig. 4.10 Cogging torque profile of 20 kW PMBLDC motor 

 

The comparison between results of analytical-based design and FE analysis-based design 

are tabulated in TABLE 4.12. From the comparison, it can be concluded that the FE analysis 

is validating the design output of analytical design for 20 kW, 230 V, 1500 rpm radial flux 

PMBLDC motor. The validation of analytical design can be done by comparing the average 

torque and output power obtained using FE analysis with that obtained using analytical 

design. 
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TABLE 4.12 Comparison between analytical-based and FE-based results of 20 kW motor 

Sr. 

No. 

Performance parameters Using analytical 

design 

Using FE analysis 

1. Output power (kW) 20 20 

2. Developed average torque (N.m.) 127.3 127.6 

3. Flux density in stator teeth (T)  1.9 1.8 

4. Flux density in stator core (T) 1.5 1.4 

5. Flux density in rotor core (T) 1.2 1.1 

 

It is observed that the analytical design-based and FE analysis-based results are fairly 

matching with each other; however, the minor difference is due to the empirical design 

formulae used in the analytical design. 

 

4.9 Chapter Summary 

CAD procedure using flow chart is described in this chapter. CAD program is developed 

based on the equations derived in the previous chapter. Three different radial flux PMBLDC 

motors of rating 200 W, 2.2 kW and 20 kW are designed using the developed CAD program. 

Main dimensions, stator and rotor dimensions and performance parameters are calculated 

based on various design variables like torque per unit rotor volume, specific magnetic 

loading, winding factor, stacking factor, flux densities in stator teeth, flux densities in stator 

and rotor core, etc. The design is carried out considering NdFeB permanent magnet 

material and M19 core material. The performance estimation is carried out based on design 

data and it is analyzed that estimated performance of the three motors is in close agreement 

with the expected performance. The estimated efficiency of 200 W motor is 85.14 %, 2.2 kW 

motor is 96.5 % and 20 kW motor is 97.3 %. Two-dimensional FEA is done to validate the 

CAD results. It is observed that results of FEA are matching with the CAD results. Hence, 

the design procedure is validated using FEA. 
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CHAPTER – 5 

  

5 Cogging Torque Reduction of Radial Flux 

PMBLDC Motor 

 

5.1 Basics of Cogging Torque 

The major limitation of radial flux PMBLDC motor is high torque ripple. Torque ripple 

creates problems in sensitive applications requiring better quality of torque. It deteriorates 

the torque quality of the radial flux PMBLDC motor. Torque quality is one important 

performance parameter of this motor. Assessment of torque quality and its improvement is 

a current research trend of many researchers. Torque ripple is generated due to  

(a) cogging torque or (b) distorted stator current and back emf waveforms. The system 

moment of inertial filters out the torque ripple at high speed but at low speed torque ripple 

results in unwanted vibration and noise. The reduction of torque ripple is vital to improve 

the performance of the PMBLDC motor. The torque ripple can be reduced either by reducing 

cogging torque or by improving the excitation. Improvement of excitation system to reduce 

torque ripple results in decreased motor efficiency. Torque ripple can be reduced by reducing 

cogging torque at the design stage itself. The torque ripple of permanent magnet motors is 

high due to high cogging torque. The cogging torque is inherent in permanent magnet 

motors. Cogging torque is generated due to interaction between rotor permanent magnets 

and slotted stator teeth. Cogging torque is generated without stator current hence it is also 

known as no current torque. The reduction of cogging torque is a challenge for permanent 

magnet motor designers. Cogging torque can be expressed with the following equation [26]. 

21
2cog g

dR
T

d



= −             (5.1) 

Where Φg = air gap flux 

R  = air gap reluctance  
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θm = rotor angle  

Cogging torque depends on magnetic flux and rate of change of air-gap reluctance variation. 

Cogging torque can be reduced by reducing air gap reluctance variation. 

 

5.2 Techniques to Reduce Cogging Torque 

Various techniques are proposed in the literature to reduce the cogging torque of PM motor 

[26]-[56]. The cogging torque can be reduced by either reducing the air-gap flux or 

reluctance variation with the rotor position. The reduction in air-gap flux reduces the motor 

output hence it is not recommended. The reduction in reluctance with the rotor position is a 

feasible option to reduce the cogging torque. This research work is focused on reduction in 

cogging torque with design modification of radial flux PMBLDC motor. 

 

Following are two approaches to reduce cogging torque of radial flux PM motor. 

 

1. Stator side design modifications 

2. Rotor side design modifications 

 

Stator Side Design Modifications: Design modifications on the stator side are performed to 

reduce cogging torque. Following are stator side design modification techniques. 

1. Displacement of the slot opening 

2. Slot shifting 

 

Rotor Side Design Modifications: Design modifications on the rotor side are performed to 

reduce cogging torque. Following are rotor side design modification techniques. 

1. Application of dual PM materials 

2. Skewing of magnet 

3. Step skewing of magnet 

4. Step skewing of the magnet with dual PM materials 

5. Shaping of magnet 

6. Shifting of magnet 
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5.3 Cogging Torque Reduction Techniques for 200 W PMBLDC Motor 

The FE model presented in Section 4.4 of Chapter 4 is considered as a reference design or 

initial design. The initial design is improved by design modifications to reduce the cogging 

torque and results are compared with this initial design. 

5.3.1 Application of Dual PM Material Technique 

In this technique, PM material is divided into five equal parts in the radial direction. Three 

parts are assigned Neodymium Iron Boron (NdFeB) as PM material and two parts are 

assigned Alnico as PM material. The model of the rotor created in FE software is as shown 

in Fig. 5.1 (a). Fig. 5.1 (b) shows a cross-section view of the motor model. 

 
 
 

(a) 
 

(b) 
Fig.  5.1 Application of dual PM material technique (a) 3-D view of rotor (b) Motor model 

Two-dimensional FE analysis is performed to obtain a flux density plot of 200 W PMBLDC 

motor with this technique. It is shown in Fig. 5.2. It is analyzed that actual flux density is 

nearly equal to assumed flux density in various sections of the motor. 



Chapter 5 Cogging Torque Reduction of Radial Flux PMBLDC Motor 
 

Page | 64 
 

 

Fig. 5.2 Flux density plot of 200 W PMBLDC motor having dual permanent magnet technique 

FE analysis is carried out to obtain cogging torque profiles. The cogging torque profiles of 

the initial design and improved design having dual PM material are shown in Fig. 5.3. It is 

analyzed that the peak to peak cogging torque is reduced from 1.1 N.m. to 0.8 N.m. with the 

application of dual PM material. 

 

Fig. 5.3 Cogging torque profiles of initial design and improved design having dual PM material 

technique 

The average torque obtained using FE analysis is shown in Fig. 5.4. The average torque 

obtained is 1.8 N.m. against the required value of 1.91 N.m. Hence, in this case, the cogging 

torque is reduced while the average torque is marginally reduced. 
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Fig. 5.4 Average torque profile of improved design having dual PM material technique 

5.3.2 Step Skewing of Magnet Technique 

In this method, the PM material NdFeB is divided into five equal parts and each part is 

skewed with 3° mechanical. The rotor is shown in Fig. 5.5 (a) and the cross-section view of 

the motor model is shown in Fig. 5.5 (b). 

 

(a)  
(b) 

Fig.  5.5 Step skewing of magnet technique (a) 3-D view of rotor (b) Motor model 

Two-dimensional FE analysis is performed to obtain a flux density plot of 200 W PMBLDC 

motor with this technique and shown in Fig. 5.6. It is analyzed that actual flux density is in 

close agreement with assumed flux density in various sections of the motor. 
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Fig. 5.6 Flux density plot of 200 W PMBLDC motor having step skewing of magnet technique 

The cogging torque profiles of the initial design and improved design having step skewing 

of magnet technique are shown in Fig. 5.7. It is analyzed that the peak to peak cogging torque 

is reduced from 1.1 N.m. to 0.9 N.m. with the application of step skewing of magnet 

technique. 

 

Fig. 5.7 Cogging torque profiles of initial design and improved design having step skewing of magnet 

technique 

The average torque obtained using FE analysis is shown in Fig. 5.8. The average torque 

obtained is 1.8 N.m. against the required value of 1.91 N.m. Using this technique the cogging 

torque is reduced while the average torque is slightly reduced. 
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Fig. 5.8 Average torque profile of improved design having step skewing of magnet technique 

5.3.3 Step Skewing of PM with Dual PM Material Technique 

In this method, the PM material is divided into five parts and each part is skewed with  

3° mechanical. Three parts are assigned NdFeB as PM material and two parts are assigned 

Alnico as PM material. The model of rotor created in FE software is shown in  

Fig. 5.9 (a). Fig. 5.9 (b) shows a cross-section view of the motor model. 

 

(a) 
 

(b) 
Fig. 5.9 Step skewing of PM with dual PM material technique (a) 3-D view of rotor  

(b) Motor model 

A flux density plot of 200 W PMBLDC motor obtained from FE analysis is shown in Fig. 

5.10. It is analyzed that the actual flux density is matching with the assumed flux density in 

various sections of the motor. 
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Fig. 5.10 Flux density plot of 200 W PMBLDC motor having step skewing of PM with dual PM 

material technique 

The cogging torque profiles of the initial design and improved design having step skewing 

of PM with dual PM material technique are shown in Fig. 5.11. It is analyzed that the peak 

to peak cogging torque is reduced from 1.1 N.m. to 0.88 N.m. with this technique. 

 

Fig. 5.11 Cogging torque profiles of initial design and improved design having step skewing of PM 

with dual PM material technique 

The average torque obtained using FE analysis is shown in Fig. 5.12. The average torque 

obtained is 1.8 N.m. against the required value of 1.91 N.m. It is observed that the cogging 

torque is reduced but the average torque is marginally reduced using this technique. 
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Fig. 5.12 Average torque profile of improved design having step skewing of magnet technique 

5.3.4 Magnet Shaping Technique 

The two edges located at the left and right side of PMs are made of triangle shape as shown 

in Fig. 5.13 (a). The model of the motor is as shown in Fig. 5.13 (b). 

 
(a)  

(b) 
Fig. 5.13 Magnet shaping technique (a) 3-D view of rotor (b) Motor model 

A flux density plot of 200 W PMBLDC motor obtained from FE analysis is shown in Fig. 

5.14. The actual flux density obtained in various parts of the motor is nearly equal to the 

flux densities assumed during the analytical design. Hence, the design is validated. 
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Fig. 5.14 Flux density plot of 200 W PMBLDC motor with magnet shaping technique 

The cogging torque profiles of the initial design and improved design having magnet shaping 

technique are shown in Fig. 5.15. It is analyzed that the peak to peak cogging torque is 

reduced from 1.1 N.m. to 0.8 N.m. with this technique. 

 

Fig. 5.15 Cogging torque profiles of initial design and improved design with magnet shaping technique 

The average torque obtained using FE analysis is shown in Fig. 5.16. The average torque 

obtained is 1.8 N.m. against the required value of 1.91 N.m. It is observed that the cogging 

torque is reduced but the average torque is marginally reduced using this technique. 
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Fig. 5.16 Average torque profile of improved design with magnet shaping technique 

5.3.5 Magnet Shifting Technique 

The cogging torque has zero average value and is generated by the propensity of PMs to 

align with stator teeths. There is a periodical variation of air gap reluctance, which makes 

cogging torque to vary periodically. Fourier series expresses cogging torque as under, 

 ( )
1

 sinjcog

i

kT T jk


=

=            (5.2) 

where j = LCM of no. of slots (Ns) and poles (Np) 

i = 1, 2, 3… 

Tjk = Coefficient of Fourier series  

In one mechanical revolution of the rotor, cogging torque has j periods and Ns and Np are 

directly related to it. 

The cogging torques due to each magnet pole are in phase in PM motor and thus all of them 

are added. This results in a substantial cogging torque effect. To reduce this summative 

effect, the placement of PMs can be shifted in comparison to adjacent PM so that cogging 

torque of adjacent magnets are out of phase with each other. Fig. 5.17 shows a surface 

magnet rotor with PM shifted by θ0. 
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Fig. 5.17 Shifting of PM in surface mounted radial flux PMBLDC motor 

The cogging torque influence of each PM is given by 

( )
1

sin
p scog iPN s

i

T T iN 


=

=           (5.3) 

where  
siPNT   is a per magnet coefficient. 

( )
1

 sin
scog p N

i

iP sT N T N i


=

=                          (5.4) 

which is equivalent to that given by eq. (5.2) and rewritten as 

( )
1

 sin
scog siN

i

T T iN 


=

=           (5.5) 

Cogging torque produced by each magnet is in phase with the adjacent magnet hence it is 

imperative that each magnet’s position can be shifted with respect to the adjacent one. The 

sum of all cogging torques from each magnet gives net cogging torque in the motor and is 

given by 

( )( )
1

0 1

 sin
p

s

N

cog PN s

k i

iT T iN k 
− 



= =

= −          (5.6) 

θo =  the angle through which each PM is shifted in comparison to adjacent PM. 

The net cogging torque is reduced to 

( )
1

 sin
s picog N N s p

i

T T iN N 


=

=           (5.7) 
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Harmonics other than multiples of  th

pN  are canceled, hence reducing the cogging torque. 

Magnet shifting technique is applied to the 200 W radial flux PMBLDC motor. The rotor of 

the initial design is shown in Fig. 5.18 (a) and the rotor of improved design with magnet 

shifting technique is shown in Fig. 5.18 (b). 

 
(a) 

 
(b) 

Fig. 5.18 Sectional view of rotor (a) initial design with regular PMs (b) improved design with shifted 

PMs 

 

A flux density plot of the improved model of the motor obtained from FE analysis is shown 

in Fig. 5.19. The actual flux density obtained in various parts of the motor is nearly equal to 

the flux densities assumed during the analytical design.  

 

Fig. 5.19 Flux density plot of 200 W PMBLDC motor with magnet shifting technique 
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Series of simulation exercises have been performed with FE technique to obtain cogging 

torque profile with relative magnet shifting from 1° to 3°. Fig. 5.20 shows simulation results 

of cogging torque response on account of magnet shifting and its comparison with cogging 

torque profile of the initial design. The initial design of the PMBLDC motor has peak to 

peak cogging torque of 1.1 N.m. The improved design having relative magnet shifting of 3° 

has peak to peak cogging torque of 0.6 N.m. 

 

Fig. 5.20 Comparison between cogging torque profiles of initial design and improved designs having 

magnet shifting technique 

TABLE 5.1 shows the variation of cogging torque with variation in magnet shift angle. It is 
observed that cogging torque has been reduced significantly as magnet shifting angle is 
increased. The reduction in average torque is marginal in improved designs. 

TABLE 5.1 Comparison between initial and improved designs of 200 W Radial Flux PMBLDC Motor 

Sr. 

No. 
Design Details 

Peak to Peak 

Cogging 

Torque (N.m.) 

Average 

Torque 

(N.m.) 

1.  Initial Design 1.1 1.91 

2.  
Improved 

Design 

Magnet Shift 1° 1 1.89 

3.  Magnet Shift 2° 0.8 1.89 

4.  Magnet Shift 3° 0.6 1.89 
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The average torque developed by the motor with magnet shifting of 3° is shown in  

Fig. 5.21. The average torque obtained is 1.89 N.m. which is nearly equal to the required 

average torque of 1.91 N.m. The cogging torque is reduced significantly while the average 

torque is maintained at the required target value. 

 

Fig. 5.21 Average torque profile of improved design with magnet shifting technique 

5.3.6 Slot Opening Shift Technique 

Cogging torque is inherent in permanent magnet motors due to air-gap magnetic energy 

variation and slotted stator structure. Following equation expresses the cogging torque 

produced without skewing in BLDC motors [35]. Saturation and magnetic leakage is 

assumed to be negligible. 

( )
1

sin
pcog N k p

k

T T N k


=

=                                                                                                           (5.8) 

where  

k = order of harmonics. 

Np = no. of cycles of cogging torque in one mechanical revolution. It is given by LCM of 

no. of stator slots Ns, and rotor poles P. 

 = relative angle between stator teeth & rotor 

TNpk = coefficient produced due to FFT of the cogging torque profile. 

Abovementioned equation (1) is applied to each stator teeth of the motor to obtain total 

cogging torque. The total cogging torque is the sum of all the cogging torque generated by 

every stator teeth. The Npk in equation (5.8) must be integer times rotor pole numbers P. 
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Expressing ratio of Npk to P as i, for an arbitrary teeth given by ( )1 sj j N   , its cogging 

torque produced becomes, 

( )
1

sinscj sci j

i

T T Pi  


=

= +                                                                                                                  (5.9) 

where Tsci  = the Fourier coefficient. 

ϕj = relative placement of the stator teeth (teeth number j) with respect to reference stator 

teeth (teeth no. 1). 

Hence, 2 ( 1)j sj N = −  

The total cogging torque can be determined by adding all cogging torque components of 

all the Ns stator teeth and is given by 

( )
1 1

2sin 1
sN

cog sci

j i s

T T Pi j
N






= =

 
= + − 

 
                                                                                           (5.10) 

From (5.10), when P/Ns is an integer number, then irrespective of teeth number j, 

( )
2sin 1 sin

s

Pi j Pi
N


 
 

+ − = 
 

. This shows that individual cogging torque developed by every 

stator teeth and the total cogging torque are cophasel. Hence, total cogging torque becomes 

Ns times the individual cogging torque and can be expressed by following equation, 

1
sincog s sci

i

T N T Pi


=

=                                                                                                                     (5.11) 

When P/Ns is not an integer, cogging torque produced by different teeths are not in phase. 

Then, it is difficult to simplify equation (5.10). Formation of a group of certain number of 

adjacent slots is required for solution. The groups are selected based on the fact that the 

cogging torque developed by various groups is cophasel. Hence, the total cogging torque 

may be related with the cogging torque of individual group directly [35]. 

Take λ adjacent slots (teeth) as one group then  

λ = Np/P. From this, the no. of groups will be n, where  

n = NsP/Np. For a certain teeth j, the cogging torque is given by (5.9). Equation (5.9) can be 

re-written as 
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( )
1

2sin 1
gjsc sci

i s

T T Pi j
N






=

 
= + − 

 
                                                                                              (5.12) 

The cogging torque generated by a particular group having λ teeth is given by the sum of the 

cogging torques developed by each teeth of this group and is given by, 

( )
1 1

2sin 1cog sci

j i s

T T Pi j
N

 




= =

  
= + −  

   
                                                                                     (5.13) 

The simplification of (5.13) is 

1

sin
sin

sin
s

cog sci

i s s

s

P i

N P i P i
T T Pi

P i N N

N



 






=

 
= + − 

 
                                                                          (5.14) 

As Pλi/Ns in (7) is an integer no., the value of sin(Pλπi/Ns) is zero. Hence, for certain 

harmonic index i only the cogging torque component will exist. Equation (5.14) can be 

simplified to these i values and is given by 

1
sincog sci

i

T T Pi 


=

=                                                                                                                        (5.15) 

Multiply the cogging torque of single group given by (5.15) with no. of groups n to obtain 

total cogging torque as, 

1
sincog sci

i

T n T Pi 


=

=                                                                                                                       (5.16) 

Air-gap reluctance variation is due to slot openings hence shifting of only slot openings 

results in smoothing air-gap reluctance variation without adversely affecting back emf 

waveform. This can be considered as an apparent advantage of slot opening shift in 

comparison to slot skewing.  Slot openings are in middle in the initial design of the  

200 W radial flux permanent magnet BLDC motor. The improved design accomplishes the 

slot openings shifted in an anticlockwise direction by 3.75° mechanical. Initially designed 

stator stamping and improved stator stamping are illustrated respectively in  

Fig. 5.22 as under. 
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(a) 

 
(b) 

Fig. 5.22 Stator stampings (a) Initial (b) Slot opening shift in anticlockwise direction 

 

The improved model with shifted stator slots openings in an anticlockwise direction is 

illustrated in Fig. 5.23. All other design details of the improved model are the same as the 

initial reference model. 

 
Fig. 5.23 200 W PMBLDC motor with the shifted slot opening 

 

A flux density plot with shifted slot opening of the motor obtained from FE analysis is shown 

in Fig. 5.24. It is analyzed that the actual flux density is nearly equal to the assumed flux 

density in various sections of the motor. 



 Chapter 5 Cogging Torque Reduction of Radial Flux PMBLDC Motor 

Page | 79 
 

 

Fig. 5.24 Flux density plot of 200 W PMBLDC motor with slot opening shift technique 

The cogging torque profiles of the initial design and improved design having slot opening 

shift technique are shown in Fig. 5.25. It is analyzed that the peak to peak cogging torque is 

reduced from 1.1 N.m. to 0.61 N.m. with this technique. 

 

Fig. 5.25 Cogging torque profiles of initial design and improved design with slot opening shift 

technique 

The average torque obtained using FE analysis is shown in Fig. 5.26. The average torque 

obtained is 1.86 N.m. against the required value of 1.91 N.m. It is observed that the cogging 

torque is reduced substantially but the average torque is marginally reduced using this 

technique. 
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Fig. 5.26 Average torque profile of improved design with slot opening shift technique 

In the next case, the slot opening is shifted in the clockwise direction. The stator stamping 

and the motor model are shown in Fig. 5.27 (a) and (b) respectively. 

 
(a) 

 
(b) 

Fig. 5.27 Slot opening shift technique (a) Stator stamping (b) Motor model 

A flux density plot with shifted slot opening of the motor obtained from FE analysis is shown 

in Fig. 5.28. It is analyzed that the actual flux density is nearly equal to the assumed flux 

density in various sections of the motor. 
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Fig. 5.28 Flux density plot of 200 W PMBLDC motor with slot opening shift technique 

The cogging torque profiles of the initial design and improved design having slot opening 

shift technique are shown in Fig. 5.29. It is analyzed that the peak to peak cogging torque is 

reduced from 1.1 N.m. to 0.49 N.m. when the slot opening is shifted in the clockwise 

direction. 

 

Fig. 5.29 Cogging torque profiles of initial design and improved design with slot opening shift 

technique 

The average torque obtained using FE analysis is shown in Fig. 5.30. The average torque 

obtained is 1.84 N.m. against the required value of 1.91 N.m. It is observed that the cogging 

torque is reduced significantly but the average torque is marginally reduced using this 

technique. 
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Fig. 5.30 Average torque profile of improved design with slot opening shift technique 

The design is further improved by dividing all the 24 slots into a group of six slots. So, there 

are four such groups formed. The slot opening of one group is shifted in an anti-clockwise 

direction while that of the adjacent group is shifted in the clockwise direction as shown in 

Fig 5.31 (a). The motor model of this configuration is shown in Fig. 5.31 (b). 

 
(a) 

 
(b) 

Fig. 5.31 Slot opening shift technique (a) Stator stamping (b) Motor model 

A flux density plot with shifted slot opening of the motor obtained from FE analysis is shown 

in Fig. 5.32. It is analyzed that the actual flux density is nearly equal to the assumed flux 

density in various sections of the motor. The electromagnetic field analysis performed 

validates the improved design. 
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Fig. 5.32 Flux density plot of 200 W PMBLDC motor with slot opening shift technique 

The cogging torque profiles of the initial design and improved design having slot opening 

shift technique are shown in Fig. 5.33. It is analyzed that the peak to peak cogging torque is 

reduced from 1.1 N.m. to 0.42 N.m. using this technique.  

 

Fig. 5.33 Cogging torque profiles of initial design and improved design with slot opening shift 

technique 

The average torque obtained using FE analysis is shown in Fig. 5.34. The average torque 

obtained is 1.84 N.m. against the required value of 1.91 N.m. It is observed that the cogging 

torque is reduced significantly but the average torque is marginally reduced using this 

technique. 
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Fig. 5.34 Average torque profile of improved design with slot opening shift technique 

The cogging torque profiles of the initial design and improved designs of the 200 W 

PMBLDC motor are shown in Fig. 5.35. 

 

Fig. 5.35 Cogging torque profile obtained with various design techniques for 200 W PMBLDC motor 

TABLE 5.2 shows a comparison of various cogging torque reduction techniques for a  

200 W PMBLDC motor. It is analyzed that the least cogging torque of 0.42 N.m. is obtained 

in the slot opening shift technique for the 200 W PMBLDC motor. 
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TABLE 5.2 Comparison of various cogging torque reduction techniques for 200 W PMBLDC motor 

Sr. 

No. 

Design Cogging 

torque 

(N.m.) 

Average 

torque 

(N.m.) 

% 

Reduction 

in Tcogg 

1. Initial design 1.1 1.91 ----- 

2. Dual permanent magnet material 0.8 1.8 27.27 % 

3. Stepped skewing of PM 0.9 1.8 18.18 % 

4. Stepped skewing of PM with dual PM material 0.88 1.8 20 % 

5. Shaping of permanent magnet 0.8 1.8 27.27 % 

6. Magnet shifting 0.6 1.89 45.45 % 

7. Slot opening shift 0.42 1.84 61.81 % 

 

5.4 Cogging Torque Reduction Techniques for 2.2 kW PMBLDC Motor 

The FE model presented in Section 4.6 of Chapter 4 is considered as a reference design or 

initial design. The initial design is improved by design modifications to reduce the cogging 

torque and results are compared with this initial design. 

5.4.1 Application of Dual PM Material Technique 

 
(a) 

 
(b) 

Fig.  5.36 Application of dual PM material technique (a) 3-D view of rotor (b) Motor model 

In this technique, PM material is divided into five equal parts in the radial direction. Three 

parts are assigned Neodymium Iron Boron (NdFeB) as PM material and two parts are 
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assigned Alnico as PM material. The model of the rotor created in FE software is as shown 

in Fig. 5.36 (a). Fig. 5.36 (b) shows a cross-section view of the motor model. 

Two-dimensional FE analysis is performed to obtain a flux density plot of 2.2 kW PMBLDC 

motor with this technique. It is shown in Fig. 5.37. It is analyzed that actual flux density is 

nearly equal to assumed flux density in various sections of the motor. 

 

Fig. 5.37 Flux density plot of 2.2 kW PMBLDC motor having dual permanent magnet technique 

 

Fig. 5.38 Cogging torque profiles of initial design and improved design having dual PM material 

technique 

FE analysis is carried out to obtain cogging torque profiles. The cogging torque profiles of 

the initial design and improved design having dual PM material are shown in Fig. 5.38.  

It is analyzed that the peak to peak cogging torque is reduced from 5.96 N.m. to 4.49 N.m. 

with the application of dual PM material. 
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The average torque obtained using FE analysis is shown in Fig. 5.39. The average torque 

obtained is 14.45 N.m. against the required value of 14.5 N.m. Hence, in this case, the 

cogging torque is reduced while the average torque is marginally reduced. 

 

Fig. 5.39 Average torque profile of improved design having dual PM material technique 

5.4.2 Step Skewing of Magnet Technique 

In this method, the PM material NdFeB is divided into five equal parts and each part is 

skewed with 3° mechanical. The rotor is shown in Fig. 5.40 (a) and the cross-section view 

of the motor model is shown in Fig. 5.40 (b). 

 
 

(a)  
(b) 

Fig.  5.40 Step skewing of magnet technique (a) 3-D view of rotor (b) Motor model 

Two-dimensional FE analysis is performed to obtain a flux density plot of 2.2 kW PMBLDC 

motor with this technique and shown in Fig. 5.41. It is analyzed that actual flux density is in 

close agreement with assumed flux density in various sections of the motor. 
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Fig. 5.41 Flux density plot of 2.2 kW PMBLDC motor having step skewing of magnet technique 

The cogging torque profiles of the initial design and improved design having step skewing 

of magnet technique are shown in Fig. 5.42. It is analyzed that the peak to peak cogging 

torque is reduced from 5.96 N.m. to 4.91 N.m. with the application of step skewing of 

magnet technique. 

 

Fig. 5.42 Cogging torque profiles of initial design and improved design having step skewing of magnet 

technique 

The average torque obtained using FE analysis is shown in Fig. 5.43. The average torque 

obtained is 14.41 N.m. against the required value of 14.5 N.m. Using this technique the 

cogging torque is reduced while the average torque is slightly reduced. 
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Fig. 5.43 Average torque profile of improved design having step skewing of magnet technique 

5.4.3 Step Skewing of PM with Dual PM Material Technique 

In this method, the PM material is divided into five parts and each part is skewed with  

3° mechanical. Three parts are assigned NdFeB as PM material and two parts are assigned 

Alnico as PM material. The model of rotor created in FE software is shown in  

Fig. 5.44 (a). Fig. 5.44 (b) shows a cross-section view of the motor model. 

 

(a)  
(b) 

Fig. 5.44 Step skewing of PM with dual PM material technique (a) 3-D view of rotor  

(b) Motor model 

A flux density plot of 2.2 kW PMBLDC motor obtained from FE analysis is shown in  

Fig. 5.45. It is analyzed that the actual flux density is matching with the assumed flux density 

in various sections of the motor. 
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Fig. 5.45 Flux density plot of 2.2 kW PMBLDC motor having step skewing of PM with dual PM 

material technique 

The cogging torque profiles of the initial design and improved design having step skewing 

of PM with dual PM material technique are shown in Fig. 5.46. It is analyzed that the peak 

to peak cogging torque is reduced from 5.96 N.m. to 4.83 N.m. with this technique. 

 

Fig. 5.46 Cogging torque profiles of initial design and improved design having step skewing of PM 

with dual PM material technique 

The average torque obtained using FE analysis is shown in Fig. 5.47. The average torque 

obtained is 14.38 N.m. against the required value of 14.5 N.m. It is observed that the cogging 

torque is reduced but the average torque is marginally reduced using this technique. 
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Fig. 5.47 Average torque profile of improved design having step skewing of magnet technique 

5.4.4 Magnet Shaping Technique 

The two edges located at the left and right side of PMs are made of triangle shape as shown 

in Fig. 5.48 (a). The model of the motor is as shown in Fig. 5.48 (b). 

 
 

(a)  
(b) 

Fig. 5.48 Magnet shaping technique (a) 3-D view of rotor (b) Motor model 

A flux density plot of 2.2 kW PMBLDC motor obtained from FE analysis is shown in  

Fig. 5.49. The actual flux density obtained in various parts of the motor is nearly equal to 

the flux densities assumed during the analytical design. Hence, the design is validated. 
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Fig. 5.49 Flux density plot of 2.2 kW PMBLDC motor with magnet shaping technique 

The cogging torque profiles of the initial design and improved design having magnet shaping 

technique are shown in Fig. 5.50. It is analyzed that the peak to peak cogging torque is 

reduced from 5.96 N.m. to 4.14 N.m. with this technique. 

 

Fig. 5.50 Cogging torque profiles of initial design and improved design with magnet shaping technique 

The average torque obtained using FE analysis is shown in Fig. 5.51. The average torque 

obtained is 14.39 N.m. against the required value of 14.5 N.m. It is observed that the cogging 

torque is reduced but the average torque is marginally reduced using this technique. 
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Fig. 5.51 Average torque profile of improved design with magnet shaping technique 

5.4.5 Magnet Shifting Technique 

Magnet shifting technique is applied to the 2.2 kW radial flux PMBLDC motor. The rotor 

of the initial design is shown in Fig. 5.52 (a) and the rotor of improved design with magnet 

shifting technique is shown in Fig. 5.52 (b). 

 
(a) 

 
(b) 

Fig. 5.52 Sectional view of rotor (a) initial design with regular PMs (b) improved design with shifted 

PMs 

 
A flux density plot of the improved model of the motor obtained from FE analysis is shown 

in Fig. 5.53. The actual flux density obtained in various parts of the motor is nearly equal to 

the flux densities assumed during the analytical design. 
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Fig. 5.53 Flux density plot of 2.2 kW PMBLDC motor with magnet shifting technique 

Series of simulation exercises have been performed with FE technique to obtain cogging 

torque profile with relative magnet shifting from 1° to 3°. Fig. 5.54 shows simulation results 

of cogging torque response on account of magnet shifting and its comparison with cogging 

torque profile of the initial design. The initial design of the PMBLDC motor has peak to 

peak cogging torque of 5.96 N.m. The improved design having relative magnet shifting of 

3° has peak to peak cogging torque of 2 N.m. 

 

Fig. 5.54 Comparison between cogging torque profiles of initial design and improved designs having 

magnet shifting technique 
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TABLE 5.3 shows the variation of cogging torque with variation in magnet shift angle. It is 

observed that cogging torque has been reduced significantly as magnet shifting angle is 

increased. The reduction in average torque is marginal in improved designs. 

TABLE 5.3 Comparison between initial and improved designs of 2.2 kW Radial Flux PMBLDC Motor 

Sr. 

No. 
Design Details 

Peak to Peak 

Cogging 

Torque (N.m.) 

Average 

Torque 

(N.m.) 

1.  Initial Design 5.96 14.50 

2.  
Improved 

Design 

Magnet Shift 1° 4 13.97 

3.  Magnet Shift 2° 3 13.96 

4.  Magnet Shift 3° 2 13.98 

 

The average torque developed by the motor with magnet shifting of 3° is shown in  

Fig. 5.55. The average torque obtained is 1.89 N.m. which is nearly equal to the required 

average torque of 1.91 N.m. The cogging torque is reduced significantly while the average 

torque is maintained at the required target value. 

 

Fig. 5.55 Average torque profile of improved design with magnet shifting technique 

5.4.6 Slot Opening Shift Technique 

Slot openings are in middle in the initial design of the 2.2 kW radial flux permanent magnet 

BLDC motor. The improved design accomplishes the slot openings shifted in an 

anticlockwise direction by 2.97° mechanical. The stator stamping and motor model with 

shifted slot opening are illustrated in Fig. 5.56 (a) and (b) respectively. 
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(a)  

(b) 
Figure 5.56 Slot opening shift technique (a) Stator stamping (b) Motor model with shifted slot opening 

 

A flux density plot with shifted slot opening of the motor obtained from FE analysis is shown 

in Fig. 5.57. It is analyzed that the actual flux density is nearly equal to the assumed flux 

density in various sections of the motor. 

 

Fig. 5.57 Flux density plot of 2.2 kW PMBLDC motor with slot opening shift technique 

The cogging torque profiles of the initial design and improved design having slot opening 

shift technique are shown in Fig. 5.58. It is analyzed that the peak to peak cogging torque is 

reduced from 5.96 N.m. to 3.67 N.m. with this technique. 
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Fig. 5.58 Cogging torque profiles of initial design and improved design with slot opening shift 

technique 

The average torque obtained using FE analysis is shown in Fig. 5.59. The average torque 

obtained is 14.0 N.m. against the required value of 14.5 N.m. It is observed that the cogging 

torque is reduced substantially but the average torque is marginally reduced using this 

technique. 

 

Fig. 5.59 Average torque profile of improved design with slot opening shift technique 

In the next case, the slot opening is shifted in the clockwise direction. The stator stamping 

and the motor model are shown in Fig. 5.60 (a) and (b) respectively. The electromagnetic 

field analysis is carried out to check flux density in various parts of the motor.  
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(a) 

 
(b) 

Fig. 5.60 Slot opening shift technique (a) Stator stamping (b) Motor model 

A flux density plot with shifted slot opening of the motor obtained from FE analysis is shown 
in Fig. 5.61. It is analyzed that the actual flux density is nearly equal to the assumed flux 
density in various sections of the motor. 

 
Fig. 5.61 Flux density plot of 2.2 kW PMBLDC motor with slot opening shift technique 

 

Fig. 5.62 Cogging torque profiles of initial design and improved design with slot opening shift 

technique 

-4

-2

0

2

4

0 5 10 15

C
o

gg
in

g 
To

rq
u

e 
(N

.m
.)

Rotor position (mech. degree)

Initial design Slot opening displacement



 Chapter 5 Cogging Torque Reduction of Radial Flux PMBLDC Motor 

Page | 99 
 

 

The cogging torque profiles of the initial design and improved design having slot opening 

shift technique are shown in Fig. 5.62. It is analyzed that the peak to peak cogging torque is 

reduced from 5.96 N.m. to 3.71 N.m. when the slot opening is shifted in the clockwise 

direction. 

The average torque obtained using FE analysis is shown in Fig. 5.63. The average torque 

obtained is 14.25 N.m. against the required value of 14.5 N.m. It is observed that the cogging 

torque is reduced significantly but the average torque is marginally reduced using this 

technique. 

 

Fig. 5.63 Average torque profile of improved design with slot opening shift technique 

The design is further improved by dividing all the 24 slots into a group of six slots. So, there 

are four such groups formed. The slot opening of one group is shifted in an anti-clockwise 

direction while that of the adjacent group is shifted in the clockwise direction as shown in 

Fig 5.64 (a). The motor model of this configuration is shown in Fig. 5.64 (b). 

 
(a) 

 
(b) 

Fig. 5.64 Slot opening shift technique (a) Stator stamping (b) Motor model 
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A flux density plot with shifted slot opening of the motor obtained from FE analysis is shown 

in Fig. 5.65. It is analyzed that the actual flux density is nearly equal to the assumed flux 

density in various sections of the motor.  

 

Fig. 5.65 Flux density plot of 2.2 kW PMBLDC motor with slot opening shift technique 

The cogging torque profiles of the initial design and improved design having slot opening 

shift technique are shown in Fig. 5.66. It is analyzed that the peak to peak cogging torque is 

reduced from 5.96 N.m. to 3.3 N.m. using this technique.  

 

Fig. 5.66 Cogging torque profiles of initial design and improved design with slot opening shift 

technique 

The average torque obtained using FE analysis is shown in Fig. 5.67. The average torque 

obtained is 14.35 N.m. against the required value of 14.5 N.m. It is observed that the cogging 

torque is reduced significantly but the average torque is marginally reduced using this 

technique. 
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Fig. 5.67 Average torque profile of improved design with slot opening shift technique 

The cogging torque profiles of the initial design and improved designs of the 2.2 kW 

PMBLDC motor are shown in Fig. 5.68. 

 
Fig. 5.68 Cogging torque profile obtained with various design techniques for 2.2 kW PMBLDC motor 

TABLE 5.4 shows a comparison of various cogging torque reduction techniques for a  

2.2 kW PMBLDC motor. It is observed that the least cogging torque of 2 N.m. is obtained 

in the magnet shifting technique for the 2.2 kW PMBLDC motor. 
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TABLE 5.4 Comparison of various cogging torque reduction techniques for 2.2 kW PMBLDC motor 

Sr. 

No. 

Design Cogging 

torque 

(N.m.) 

Average 

torque 

(N.m.) 

% 

Reduction 

in Tcogg 

1. Initial design 5.96 14.5 ----- 

2. Dual permanent magnet material 4.49 14.45 23.8 % 

3. Stepped skewing of PM 4.91 14.41 17.61 % 

4. Stepped skewing of PM with dual PM material 4.83 14.38 18.95 % 

5. Shaping of permanent magnet 4.14 14.39 30.53 % 

6. Magnet shifting 2 13.98 66.44 % 

7. Displacement of the slot opening 3.3 14.35 44.63 % 

 

5.5 Cogging Torque Reduction Techniques for 20 kW PMBLDC Motor 

The FE model presented in Section 4.8 of Chapter 4 is considered as a reference design or 

initial design. The initial design is improved by design modifications to reduce the cogging 

torque and results are compared with this initial design. 

5.5.1 Application of Dual PM Material Technique 

 
(a) 

 
(b) 

Fig.  5.69 Application of dual PM material technique (a) 3-D view of rotor (b) Motor model 

In this technique, PM material is divided into five equal parts in the radial direction. Three 

parts are assigned Neodymium Iron Boron (NdFeB) as PM material and two parts are 
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assigned Alnico as PM material. The model of the rotor created in FE software is as shown 

in Fig. 5.69 (a). Fig. 5.69 (b) shows a cross-section view of the motor model. 

Two-dimensional FE analysis is performed to obtain a flux density plot of 20 kW PMBLDC 

motor with this technique. It is shown in Fig. 5.70. It is analyzed that actual flux density is 

nearly equal to assumed flux density in various sections of the motor. 

 

Fig. 5.70 Flux density plot of 20 kW PMBLDC motor having dual permanent magnet technique 

 

Fig. 5.71 Cogging torque profiles of initial design and improved design having dual PM material 

technique 

FE analysis is carried out to obtain cogging torque profiles. The cogging torque profiles of 

the initial design and improved design having dual PM material are shown in Fig. 5.71.  

It is analyzed that the peak to peak cogging torque is reduced from 48.6 N.m. to 37 N.m. 

with the application of dual PM material. 
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The average torque obtained using FE analysis is shown in Fig. 5.72. The average torque 

obtained is 124.7 N.m. against the required value of 127.6 N.m. Hence, in this case, the 

cogging torque is reduced while the average torque is marginally reduced. 

 

Fig. 5.72 Average torque profile of improved design having dual PM material technique 

5.5.2 Step Skewing of Magnet Technique 

In this method, the PM material NdFeB is divided into five equal parts and each part is 

skewed with 1° mechanical. The rotor is shown in Fig. 5.73 (a) and the cross-section view 

of the motor model is shown in Fig. 5.73 (b). 

 
 

(a) 
 

(b) 
Fig.  5.73 Step skewing of magnet technique (a) 3-D view of rotor (b) Motor model 

Two-dimensional FE analysis is performed to obtain a flux density plot of 20 kW PMBLDC 

motor with this technique and shown in Fig. 5.74. It is analyzed that actual flux density is in 

close agreement with assumed flux density in various sections of the motor. 

0

40

80

120

160

0 10 20 30

To
rq

u
e 

(N
.m

.)

Rotor position(mech. degree)



 Chapter 5 Cogging Torque Reduction of Radial Flux PMBLDC Motor 

Page | 105 
 

 

Fig. 5.74 Flux density plot of 20 kW PMBLDC motor having step skewing of magnet technique 

The cogging torque profiles of the initial design and improved design having step skewing 

of magnet technique are shown in Fig. 5.75. It is analyzed that the peak to peak cogging 

torque is reduced from 48.6 N.m. to 42.6 N.m. with the application of step skewing of 

magnet technique. 

 

Fig. 5.75 Cogging torque profiles of initial design and improved design having step skewing of magnet 

technique 

The average torque obtained using FE analysis is shown in Fig. 5.76. The average torque 

obtained is 122.8 N.m. against the required value of 127.6 N.m. Using this technique the 

cogging torque is reduced while the average torque is slightly reduced. 
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Fig. 5.76 Average torque profile of improved design having step skewing of magnet technique 

5.5.3 Step Skewing of PM with Dual PM Material Technique 

In this method, the PM material is divided into five parts and each part is skewed with  

1° mechanical. Three parts are assigned NdFeB as PM material and two parts are assigned 

Alnico as PM material. The model of rotor created in FE software is shown in  

Fig. 5.77 (a). Fig. 5.77 (b) shows a cross-section view of the motor model. 

 

(a) 
 

(b) 
Fig. 5.77 Step skewing of PM with dual PM material technique (a) 3-D view of rotor  

(b) Motor model 

A flux density plot of 20 kW PMBLDC motor obtained from FE analysis is shown in  

Fig. 5.78. It is analyzed that the actual flux density is matching with the assumed flux density 

in various sections of the motor. 
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Fig. 5.78 Flux density plot of 20 kW PMBLDC motor having step skewing of PM with dual PM 

material technique 

The cogging torque profiles of the initial design and improved design having step skewing 

of PM with dual PM material technique are shown in Fig. 5.79. It is analyzed that the peak 

to peak cogging torque is reduced from 48.6 N.m. to 44.5 N.m. with this technique. 

 

Fig. 5.79 Cogging torque profiles of initial design and improved design having step skewing of PM 

with dual PM material technique 

The average torque obtained using FE analysis is shown in Fig. 5.80. The average torque 

obtained is 122.8 N.m. against the required value of 127.6 N.m. It is observed that the 

cogging torque is reduced but the average torque is marginally reduced using this technique. 
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Fig. 5.80 Average torque profile of improved design having step skewing of magnet technique 

5.5.4 Magnet Shaping Technique 

The two edges located at the left and right side of PMs are made of triangle shape as shown 

in Fig. 5.81 (a). The model of the motor is as shown in Fig. 5.81 (b). 

 
 

(a) 

 
(b) 

Fig. 5.81 Magnet shaping technique (a) 3-D view of rotor (b) Motor model 

A flux density plot of 20 kW PMBLDC motor obtained from FE analysis is shown in  

Fig. 5.82. The actual flux density obtained in various parts of the motor is nearly equal to 

the flux densities assumed during the analytical design. Hence, the design is validated. 
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Fig. 5.82 Flux density plot of 20 kW PMBLDC motor with magnet shaping technique 

The cogging torque profiles of the initial design and improved design having magnet shaping 

technique are shown in Fig. 5.83. It is analyzed that the peak to peak cogging torque is 

reduced from 48.6 N.m. to 29.8 N.m. with this technique. 

 

Fig. 5.83 Cogging torque profiles of initial design and improved design with magnet shaping technique 

The average torque obtained using FE analysis is shown in Fig. 5.84. The average torque 

obtained is 124.15 N.m. against the required value of 127.6 N.m. It is observed that the 

cogging torque is reduced but the average torque is marginally reduced using this technique. 
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Fig. 5.84 Average torque profile of improved design with magnet shaping technique 

5.5.5 Magnet Shifting Technique 

Magnet shifting technique is applied to the 20 kW radial flux PMBLDC motor. The rotor of 

the initial design is shown in Fig. 5.85 (a) and the rotor of improved design with magnet 

shifting technique is shown in Fig. 5.85 (b). 

 
(a) 

 
(b) 

Fig. 5.85 Sectional view of rotor (a) initial design with regular PMs (b) improved design with shifted 

PMs 

 

A flux density plot of the improved model of the motor obtained from FE analysis is shown 

in Fig. 5.86. The actual flux density obtained in various parts of the motor is nearly equal to 

the flux densities assumed during the analytical design. 
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Fig. 5.86 Flux density plot of 20 kW PMBLDC motor with magnet shifting technique 

Series of simulation exercises have been performed with FE technique to obtain cogging 

torque profile with relative magnet shifting from 1° to 3°. Fig. 5.87 shows simulation results 

of cogging torque response on account of magnet shifting and its comparison with cogging 

torque profile of the initial design. The initial design of the PMBLDC motor has peak to 

peak cogging torque of 48.6 N.m. The improved design having relative magnet shifting of 

3° has peak to peak cogging torque of 20 N.m. The cogging torque reduces as the magnet 

shift angle increases. 

 

Fig. 5.87 Comparison between cogging torque profiles of initial design and improved designs having 

magnet shifting technique 
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TABLE 5.5 shows the variation of cogging torque with variation in magnet shift angle. It is 

observed that cogging torque has been reduced significantly as magnet shifting angle is 

increased. The reduction in average torque is marginal in improved designs. 

TABLE 5.5 Comparison between initial and improved designs of 20 kW Radial Flux PMBLDC Motor 

Sr. 

No. 
Design Details 

Peak to Peak 

Cogging 

Torque (N.m.) 

Average 

Torque 

(N.m.) 

1.  Initial Design 48.6 127.3 

2.  
Improved 

Design 

Magnet Shift 1° 40 122.61 

3.  Magnet Shift 2° 34.8 122.17 

4.  Magnet Shift 3° 20 121.21 

 

The average torque developed by the motor with magnet shifting of 3° is shown in  

Fig. 5.88. The average torque obtained is 123.4 N.m. which is nearly equal to the required 

average torque of 127.6 N.m. The cogging torque is reduced significantly while the average 

torque is marginally reduced using this technique. 

 

Fig. 5.88 Average torque profile of improved design with magnet shifting technique 

5.5.6 Slot Opening Shift Technique 

Slot openings are in middle in the initial design of the  

20 kW radial flux permanent magnet BLDC motor. The improved design accomplishes the 

slot openings shifted in an anticlockwise direction by 0.704° mechanical. The stator 

stamping and motor model with shifted slot opening are illustrated in  

Fig. 5.89 (a) and (b) respectively. 
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(a)  

(b) 
Fig. 5.89 Slot opening shift technique (a) Stator stamping (b) Motor model with shifted slot opening 

 

A flux density plot with shifted slot opening of the motor obtained from FE analysis is shown 

in Fig. 5.90. It is analyzed that the actual flux density is nearly equal to the assumed flux 

density in various sections of the motor. 

 

Fig. 5.90 Flux density plot of 20 kW PMBLDC motor with slot opening shift technique 

The cogging torque profiles of the initial design and improved design having slot opening 

shift technique are shown in Fig. 5.91. It is analyzed that the peak to peak cogging torque is 

reduced from 48.6 N.m. to 22.3 N.m. with this technique. 
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Fig. 5.91 Cogging torque profiles of initial design and improved design with slot opening shift 

technique 

The average torque obtained using FE analysis is shown in Fig. 5.92. The average torque 

obtained is 127.4 N.m. against the required value of 127.6 N.m. It is observed that the 

cogging torque is reduced substantially while the average torque is maintained at the targeted 

value using this technique.  

 

Fig. 5.92 Average torque profile of improved design with slot opening shift technique 

In the next case, the slot opening is shifted in the clockwise direction. The stator stamping 

and the motor model are shown in Fig. 5.93 (a) and (b) respectively. The electromagnetic 

field analysis is carried out to check flux density in various parts of the motor.  
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(a) 

 
(b) 

Fig. 5.93 Slot opening shift technique (a) Stator stamping (b) Motor model 

A flux density plot with shifted slot opening of the motor obtained from FE analysis is shown 
in Fig. 5.94. It is analyzed that the actual flux density is nearly equal to the assumed flux 
density in various sections of the motor. 

 
Fig. 5.94 Flux density plot of 20 kW PMBLDC motor with slot opening shift technique 

 

Fig. 5.95 Cogging torque profiles of initial design and improved design with slot opening shift 

technique 
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The cogging torque profiles of the initial design and improved design having slot opening 

shift technique are shown in Fig. 5.95. It is analyzed that the peak to peak cogging torque is 

reduced from 48.6 N.m. to 22 N.m. when the slot opening is shifted in the clockwise 

direction. 

The average torque obtained using FE analysis is shown in Fig. 5.96. The average torque 

obtained is 127.4 N.m. against the required value of 127.6 N.m. It is observed that the 

cogging torque is reduced significantly and the average torque is maintained at the targeted 

value using this technique. 

 

Fig. 5.96 Average torque profile of improved design with slot opening shift technique 

The design is further improved by dividing all the 24 slots into a group of six slots. So, there 
are four such groups formed. The slot opening of one group is shifted in an anti-clockwise 
direction while that of the adjacent group is shifted in the clockwise direction as shown in 
Fig 5.97 (a). The motor model of this configuration is shown in Fig. 5.97 (b). 

 
(a) 

 
(b) 

Fig. 5.97 Slot opening shift technique (a) Stator stamping (b) Motor model 
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A flux density plot with shifted slot opening of the motor obtained from FE analysis is shown 

in Fig. 5.98. It is analyzed that the actual flux density is nearly equal to the assumed flux 

density in various sections of the motor.  

 

Fig. 5.98 Flux density plot of 20 kW PMBLDC motor with slot opening shift technique 

The cogging torque profiles of the initial design and improved design having slot opening 

shift technique are shown in Fig. 5.99. It is analyzed that the peak to peak cogging torque is 

reduced from 48.6 N.m. to 20.8 N.m. using this technique.  

 

Fig. 5.99 Cogging torque profiles of initial design and improved design with slot opening shift 

technique 

The average torque obtained using FE analysis is shown in Fig. 5.100. The average torque 

obtained is 129.7 N.m. against the required value of 127.6 N.m. It is observed that the 

cogging torque is reduced significantly and the average torque is marginally increased using 

this technique. 
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Fig. 5.100 Average torque profile of improved design with slot opening shift technique 

The cogging torque profiles of the initial design and improved designs of the 20 kW 

PMBLDC motor are shown in Fig. 5.101. 

 

Fig. 5.101 Cogging torque profile obtained with various design techniques for 20 kW PMBLDC motor 

TABLE 5.6 shows a comparison of various cogging torque reduction techniques for a 20 

kW PMBLDC motor. It is observed that the least cogging torque of 20 N.m. is obtained in 

the magnet shifting technique for the 20 kW PMBLDC motor. 
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TABLE 5.6 Comparison of various cogging torque reduction techniques for 20 kW PMBLDC 

Sr. 

No. 

Design Cogging 

torque 

(N.m.) 

Average 

torque 

(N.m.) 

% 

Reduction 

in Tcogg 

1. Initial design 48.6 127.6 ----- 

2. Dual permanent magnet material 37 124.7 23.8 % 

3. Stepped skewing of PM 42.6 122.8 12.34 % 

4. Stepped skewing of PM with dual PM material 44.5 122.8 8.43 % 

5. Shaping of permanent magnet 29.8 124.15 38.68 % 

6. Magnet shifting 20 123.4 58.84 % 

7. Displacement of the slot opening 20.8 129.7 57.2 % 

 

5.6 Chapter Summary 

The reduction of cogging torque is quite essential from a performance improvement point 

of view. The reduction in cogging torque of radial flux PMBLDC motor enhances the torque 

quality and improves the overall performance of the motor. This chapter presents various 

cogging torque reduction techniques applied for radial flux PMBLDC motors of three 

different ratings viz. 200 W, 2.2 kW, and 20 kW. This thesis presents novel cogging torque 

reduction techniques for radial flux PMBLDC motor viz. application of dual permanent 

magnet material, step skewing of PM with dual PM material. A comparative analysis of all 

techniques for each motor is presented. It is analyzed that the peak to peak cogging torque 

is reduced from (i) 1.1 N.m. to 0.42 N.m. using slot opening shift technique in 200 W 

PMBLDC motor, (ii) 5.96 N.m. to 2 N.m. using magnet shifting technique in 2.2 kW 

PMBLDC motor, and (iii) 48.6 N.m. to 20 N.m. using magnet shifting technique in 20 kW 

PMBLDC motor.  
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CHAPTER – 6 

 

6 Application of Superior Magnetic Material for 

Performance Improvement 

 

Electrical motors approximately consume 70 % of the total energy generated worldwide. 

Electrical motors' energy management and efficiency have generated immense concern. 1 

% improvement in the efficiency of electrical motors will save an immense quantum of 

electricity units per year. Requirements of electrical motors operating at high efficiency are 

the need of today’s world. PMBLDC motors offer high efficiency, compactness, high 

torque/weight ratio and have been widely used for electric vehicles and domestic electrical 

appliances. On the other end, induction motors are mainly used as industrial motors. The 

performance of the PMBLDC motor can be improved by increasing its efficiency. Proper 

electrical steel material has to be used as lamination material to increase the efficiency of 

the PMBLDC motor. The efficiency of a PMBLDC motor is highly influenced by specific 

iron loss (W/kg) of material. The efficiency of PMBLDC motor can be increased by using 

stator core material having low specific iron loss. Hiperco magnetic material has a very low 

specific iron loss [57]. Using Hiperco material for stator core, the efficiency of PMBLDC 

motor can be increased.  

 
6.1 Properties of Superior Magnetic Material-Hiperco 

The efficiency of radial flux PMBLDC motor can be increased by reducing stator iron losses. 

Iron losses can be reduced considerably by using special materials having low specific iron 

loss. Hiperco is an iron-cobalt-vanadium soft magnetic alloy that has high magnetic 

saturation (24 kilogauss), high permeability, low coercive force, and low specific iron loss. 

It is used for making rotor and stator laminations in motors and generators for aircraft power 
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generation applications where high magnetic saturation is required with compactness and 

less weight [57]. Following materials are used in combination for Hiperco50: 

Cobalt: 34.4 – 35.5 % 

Chromium: 0.4-0.5 % 

Iron: balance 

Hiperco can work up to 2.4 T at room temperature. Hiperco is available in three thicknesses 

0.15 mm, 0.25 mm, and 0.35 mm. TABLE 6.1 shows the properties of M19 and Hiperco 

materials. 

TABLE 6.1 Properties of M19 and Hiperco 

Sr.

No. 
Properties 

M19 

material 

Hiperco 

material 

1. Saturation flux density (T) 1.8 2.4 

2. Mass density (kg./m3) 7600 8150 

3. Curie temperature (ᵒ C) 940 760 

4. Electric resistivity (µΩcm) 0.72 0.41 

5. Yield strength (mPa) 360 430 

6. Melting point (ᵒ C) 1500 1427 

7. Kh 0.009685 0.00737 

8. Ke 4.1231*10-5 9.26*10-6 

The B-H curves of the M19 core material and Hiperco are shown in Fig. 6.1. It is visualized 

that Hiperco magnetic material has knee point of magnetization at higher flux density 

compared to M19 core material. 

 
Fig. 6.1 B-H curve of M19 and Hiperco material 
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Hiperco has lower specific iron loss compared to M19 core material. The comparison 

between specific iron loss of Hiperco and M19 core at 33.3 Hz frequency is shown in  

Fig. 6.2. 

 
Fig. 6.2. Specific iron loss curve of M19 and Hiperco core material 

 
 

6.2 Analysis of 200 W Radial Flux PMBLDC Motor Using Hiperco 

Material 

Initial Design: The radial flux PMBLDC motor of 200 W, 24 V is designed by assuming 

airgap flux density of 0.8 T, stator teeth flux density of 1.7 T, efficiency of 85 %, winding 

factor of 0.95, and stacking factor of 0.95 as mentioned in section 4.3 of Chapter 4. It is 

observed that efficiency of 85.14 % is obtained using M19 as stator core material. The initial 

design is validated by conducting FE analysis as mentioned in section 4.4 of Chapter 4. 

Improved Design: The initial design of the PMBLDC motor is improved by using Hiperco 

magnetic material for the stator core. The motor is designed by assuming various design 

variables like airgap flux density of 1 T, stator teeth flux density of 2.2 T, efficiency of  

87 %, winding factor of 0.95, and stacking factor of 0.95. As Hiperco withstands higher 

magnetic flux density, the higher flux density is assumed for stator teeth and core during 

magnetic circuit design.  

 

Hiperco has low specific iron loss as shown in Fig. 6.2. Hence, iron loss in the stator core 

can be reduced considerably if Hiperco is used for the stator core. The improved model uses 

Hiperco as stator core material. The iron loss, copper loss, and efficiency are calculated 

using the analytical method. It is observed that the efficiency is increased to 86.8 % using 
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Hiperco as stator core material compared to 85.1 % when M19 material is used as stator core 

material. The use of Hiperco material for the stator core increases the efficiency of the motor 

by approximately 2 %. 

The comparison between parameters of initial design and improved design is shown in 

TABLE 6.2. 

TABLE 6.2 Comparison between parameters of initial design and improved design 

Parameters Initial design 

Core material: M19 

Improved design 

Core material: 

Hiperco 50 

Efficiency 85.14 % 86.8 % 

Torque density 6.42x103 N/m
2
 7.6x103 N/m

2
 

Power density 6.7x105 W/m
3
  7.96x105W/m

3
 

Power to weight ratio  92.42 W/kg 107.41 W/kg 

Stator outer diameter 87 mm 80 mm 

Axial length 50 mm 50 mm 

Tooth width 3.5 mm 2.6 mm 

Depth of slot 10.8 mm 8.85 mm 

Area of slot 40 mm2 40 mm2 

Depth of stator back iron  6.7 mm 4.9 mm 

Magnet thickness 5 mm 5 mm 

Volume of stator core  0.0001385 m3  0.000091748 m3 

Weight of stator core 1.06 kg 0.745 kg 

Volume of rotor core 0.0000533 m3 0.0000533 m3 

Weight of rotor core 0.408 kg 0.408 kg 

Volume of PM 0.000022091 m3 0.000022091 m3 

Weight of PM 0.169 kg 0.169 kg 

Weight of stator  1.592 kg 1.263 kg 

Weight of rotor 0.577 kg 0.577 kg 

Total weight 2.169 kg 1.84 kg 

 

It is analyzed that the total weight of the motor is reduced from  

2.169 kg to 1.84 kg with an increase in the efficiency of the motor from 85.14 % to  
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86.8 %. The torque density and power density increase considerably with the application of 

Hiperco material. The comparison between per unit performance parameters of initial and 

improved design is shown in Fig. 6.3. 

 
Fig. 6.3 Comparison between performance parameters of initial and improved design 

The validation of analytical design for the improved design is carried out by conducting 

2D FEA. The cross-section view and flux density plot of the improved design are shown in 

Fig. 6.4 (a) and (b) respectively. 

 
(a) 

 
 

(b) 
Fig. 6.4 (a) Cross-sectional view of improved design (b) Flux density plot 

The actual flux density obtained in various parts of the motor is fairly matching with the 

assumed flux densities of the magnetic circuit. 
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The torque profile of improved design obtained using FE analysis is shown in Fig. 6.5. The 

average torque obtained is 1.92 N.m. against the required torque of 1.91 N.m. 

 

Fig. 6.5 Torque profile of improved design of 200 W PMBLDC motor 

TABLE 6.3 shows design validation data of initial and improved design. 

TABLE 6.3 Validation of initial design and improved design using FE Analysis 

 
Sr. 

No. 
Parameter 

Initial design Improved design 

Analytical FE Analytical FE 

1.  Torque (N.m.) 1.91 1.93 1.91 1.92 
2.  Efficiency (%) 85.1 % 85.6 % 86.8 % 86.8 % 
3.  Bg (T) 0.8 0.8 0.8 0.8 
4.  Bsy (T) 1.5 1.6 1.9 1.8 
5.  Bst (T) 1.7 1.75 2.2 2.2 
6.  Bry (T) 1.2 1.1 1.2 1.1 
7.  Iron loss (W) 1.95 1.92 0.93 0.91 

 

6.3 Analysis of 2.2 kW Radial Flux PMBLDC Motor Using Hiperco 

Material 

Initial Design: The radial flux PMBLDC motor of 2.2 kW, 230 V, 1450 rpm is designed by 

assuming airgap flux density of 0.8 T, stator teeth flux density of 1.9 T, efficiency of 95 %, 

winding factor of 0.95, and stacking factor of 0.95 as mentioned in section 4.5 of Chapter 4. 

In this initial design, M19 – 29 Ga silicon steel material is used for the stator core. It is 

observed that efficiency of 96.5 % is obtained using M19 as stator core material. 

The initial design is validated by conducting FE analysis as mentioned in section 4.6 of 

Chapter 4. 
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Improved Design: The initial design of the PMBLDC motor is improved by using Hiperco 

magnetic material for the stator core. The motor is designed by assuming various design 

variables like airgap flux density of 1 T, stator teeth flux density of 2.2 T, efficiency of  

97 %, winding factor of 0.95, and stacking factor of 0.95. As Hiperco withstands higher 

magnetic flux density, the higher flux density is assumed for stator teeth during magnetic 

circuit design. 

The improved model uses Hiperco as stator core material. The iron loss, copper loss, and 

efficiency are calculated using the analytical method. It is observed that the efficiency is 

increased to 97.3 % using Hiperco as stator core material compared to 96.5 % when M19 

core material is used as stator core material. 

The comparison between parameters of initial design and improved design is shown in 

TABLE 6.4. 

TABLE 6.4 Comparison between parameters of initial design and improved design 

Parameters Core material: 

M19 

Core material: 

Hiperco 50 

Efficiency 96.5 % 97.3 % 

Torque density 6.21x103 N/m
2
 6.93x103 N/m

2
 

Power density 9.43x105 W/m
3
 10.5x105 W/m

3
 

Power to weight ratio  129.09  W/kg 145.67 W/kg 

Stator outer diameter 169 mm 160 mm 

Axial length 104 mm 104 mm 

Tooth width 5 mm 4.9 mm 

Depth of slot 23 mm 22.5 mm 

Area of slot 187 mm2 187 mm2 

Depth of stator core 19 mm 12.5 mm 

Magnet thickness 4 mm 4 mm 

Volume of stator core 0.001248 m3 0.0009014 m3 

Weight of stator core 9.55 kg 7.32 kg 

Volume of rotor core 0.00040261 m3 0.00040261 m3 

Weight of rotor core 3.08 kg 3.08 kg 

Volume of PM 0.00007198 m3 0.00007198 m3 

Weight of PM 0.532 kg 0.532 kg 
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Weight of stator  13.43 kg 11.49 kg 

Weight of rotor 3.612 kg  3.612 kg 

Total weight 17.042 kg 15.102 kg 

 

It is analyzed that the total weight of the motor is reduced from  

17.042 kg to 15.102 kg with an increase in the efficiency of the motor from 96.5 % to  

97.3 %. The torque density and power density increase considerably with the application of 

Hiperco material. The comparison between per unit performance parameters of initial and 

improved design is shown in Fig. 6.6. 

 

Fig. 6.6 Comparison between performance parameters of initial and improved design 

The validation of analytical design for the improved design is carried out by conducting 

2D FEA. The cross-section view and flux density plot of the improved design are shown in 

Fig. 6.7 (a) and (b) respectively. 
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(a) 

 
(b) 

Fig. 6.7 (a) Cross-sectional view of improved design (b) Flux density plot 

The actual flux density obtained in various parts of the motor is fairly matching with the 

assumed flux densities of the magnetic circuit. 

The torque profile of improved design obtained using FE analysis is shown in Fig. 6.8. The 

average torque obtained is 14.3 N.m. against the required torque of 14.5 N.m. 

 

Fig. 6.8 Torque profile of improved design of 2.2 kW PMBLDC motor 

TABLE 6.5 shows design validation data of initial and improved design. 

TABLE 6.5 Validation of initial design and improved design using FE Analysis  

Sr. 

No. 

Parameter Initial design Improved design 

Analytical FE Analytical FE 

1. Torque(N.m.) 14.48 14.5 14.48 14.3 
2. Efficiency (%) 96.5 96.6 97.3 97.5 
3. Bg (T) 0.8 0.8 1 1 
4. Bsy (T) 1.5 1.6 1.9 1.8 
5. Bst (T) 1.9 2 2.2 2.3 
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6. Bry (T) 1.2 1.3 1.2 1.4 
7. Iron loss (W) 18.8 18.9 8.9 8.72 

 
6.4 Analysis of 20 kW Radial Flux PMBLDC Motor Using Hiperco 

Material 

Initial Design: The radial flux PMBLDC motor of 20 kW, 230 V, 1500 rpm is designed by 

assuming airgap flux density of 0.8 T, stator teeth flux density of 1.9 T, efficiency of 97 %, 

winding factor of 0.95, and stacking factor of 0.95 as mentioned in section 4.7 of Chapter 4. 

In this initial design, M19 – 29 Ga silicon steel material is used for stator core. It is observed 

that efficiency of 97.3 % is obtained using M19 as stator core material. The initial design is 

validated by conducting FE analysis as mentioned in section 4.8 of Chapter 4. 

Improved Design: The initial design of the PMBLDC motor is improved by using Hiperco 

magnetic material for the stator core. The motor is designed by assuming various design 

variables like airgap flux density of 1 T, stator teeth flux density of 2.2 T, efficiency of  

98 %, winding factor of 0.95, and stacking factor of 0.95. As Hiperco withstands higher 

magnetic flux density, the higher flux density is assumed for stator teeth during magnetic 

circuit design. The improved model uses Hiperco as stator core material. The iron loss, 

copper loss, and efficiency are calculated using the analytical method. It is observed that the 

efficiency is increased to 98 % using Hiperco as stator core material compared to 97.3 % 

when M19 core material is used as stator core material. 

The comparison between parameters of initial design and improved design is shown in 

TABLE 6.6. 

TABLE 6.6 Comparison between parameters of initial design and improved design 

Performance 

Parameters 

Core material: 

M19 

Core material: 

Hiperco 50 

Efficiency 97.3 % 98 %  

Torque density 7.157x103 N/m
2
 8.456x103 N/m

2
 

Power density 112.7x104 W/m
3
 13.316x105 W/m

3
 

Power to weight ratio 193 W/kg 233 W/kg 

Stator outer diameter 325 mm 299 mm 
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Axial length 214 mm 214 mm 

Tooth width 13 mm 12 mm 

Depth of slot 24.5 mm 22.8 mm 

Area of slot 280 mm2 280 mm2 

Depth of stator back iron 32.2 mm 20.9 mm 

Magnet thickness 5 mm 5 mm 

Volume of stator core 0.008457 m3 0.006143 m3 

Weight of stator core 64.7 kg 47 kg 

Volume of rotor core  0.003333 m3 0.003333 m3 

Weight of rotor core 25.5 kg 25.5 kg 

Volume of PM 0.00062787 m3  0.00062787 m3 

Weight of PM 4.64 kg 4.64 kg 

Weight of stator  73.48 kg  55.69 kg 

Weight of rotor  30.14 kg 30.14 kg 

Total weight 103.62 kg  85.83 kg 

 

It is analyzed that the total weight of the motor is reduced from  

103.62 kg to 85.83 kg with an increase in the efficiency of the motor from 97.3 % to  

98 %. The torque density and power density increase considerably with the application of 

Hiperco material. The comparison between per unit performance parameters of initial and 

improved design is shown in Fig. 6.9. 
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Fig. 6.9 Comparison between performance parameters of initial and improved design 

The validation of analytical design for the improved design is carried out by conducting 

2D FEA. The cross-section view and flux density plot of the improved design are shown in 

Fig. 6.10 (a) and (b) respectively. 

 
(a) 

 
(b) 

Fig. 6.10 (a) Cross-sectional view of improved design (b) Flux density plot 

The actual flux density obtained in various parts of the motor is fairly matching with the 

assumed flux densities of the magnetic circuit. 

The torque profile of improved design obtained using FE analysis is shown in Fig. 6.11. 

The average torque obtained is 127.3 N.m. against the required torque of 127.6 N.m. 
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Fig. 6.11 Torque profile of improved design of 20 kW PMBLDC motor 

TABLE 6.7 shows design validation data of initial and improved design. 

TABLE 6.7 Validation of initial design and improved design using FE Analysis 

Sr. 

No. 

Parameter Initial design Improved design 

Analytical FE Analytical FE 

1.  Torque(N.m.) 127.3 127.6 127.3 127.3 
2.  Efficiency (%) 97.3 97.2 98 98.1 
3.  Bg (T) 0.8 0.8 1 1 
4.  Bsy (T) 1.5 1.7 1.8 1.8 
5.  Bst (T) 1.9 2 2.2 2.2 
6.  Bry (T) 1.2 1.2 1.2 1.3 
7.  Iron loss(W) 129.48 128 59.85 57 

 

6.5 Chapter Summary 

The iron losses and weight of the motor are influenced by the properties of the material. The 

design of radial flux PMBLDC motor is enhanced by using superior magnetic material 

Hiperco instead of conventional M19 material. Hiperco magnetic material has high relative 

permeability, high knee point of magnetization, and low specific iron losses compared to 

M19 material. It is analyzed that the use of Hiperco magnetic material has increased the 

efficiency of 200 W PMBLDC motor from 85.14 % to 86.8 % with a reduction of weight 

from 2.169 kg to 1.84 kg. The efficiency is increased from 96.5 % to 97.3 % and weight is 

reduced from 17.042 kg to 15.102 kg in the 2.2 kW PMBLDC motor. In  

20 kW PMBLDC motor, efficiency is increased from 97.3 % to 98 % with a reduction in 

weight from 103.62 kg to 85.83 kg. The power-to-weight ratio is also increased in three 

motors using Hiperco magnetic material. Two-dimensional FEA is carried out to validate 
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the design of three PMBLDC motors using Hiperco material. The accuracy of three designs 

using Hiperco is established as FEA results are in line with the CAD results. 
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CHAPTER – 7 

 

7 Conclusions and Scope of Future Work 

 
 

7.1 Summary of Work Done 

This thesis dealt with the design, analysis, and performance improvement of radial flux 

PMBLDC motor. The research work is concentrated on surface-mounted radial flux 

PMBLDC motor with an objective to enhance its performance in terms of efficiency and 

torque quality. A comprehensive design procedure for surface-mounted radial flux 

PMBLDC motor is developed. Three radial flux PMBLDC motors of different ratings,  

200 W, 2.2 kW, and 20 kW are designed by assuming various design variables. 2-D finite 

element analysis is performed to validate these designs. The important aspects of the 

research findings are summarized below. 

Cogging torque reduction for three radial flux PMBLDC motors has been carried out using 

various design modification techniques viz. application of dual permanent magnet material, 

step skewing of PM, step skewing of PM with dual PM material, shaping of a permanent 

magnet, magnet shifting, slot opening shift. The performance of three radial flux PMBLDC 

motors has been improved using superior quality magnetic material Hiperco. 

 
7.2 Major Findings & Salient Contribution 

The analytical designs of three different PMBLDC motors of rating 200 W,  

2.2 kW and 20 kW are carried out. These are called initial designs or reference designs of 

PMBLDC motors. Two-dimensional FEA has been performed based on design output and 

results obtained from FEA validate the analytical designs. The efficiency, average torque, 

and cogging torque(peak-peak) of the initially designed 200 W PMBLDC motor are  

85.14 %, 1.90 N.m., and 1.1 N.m. respectively. The efficiency, average torque, and cogging 

torque(peak-peak) of the initially designed 2.2 kW PMBLDC motor are 96.5 %, 14.48 N.m., 
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and 5.96 N.m. respectively. The efficiency, average torque, and cogging torque(peak-peak) 

of the initially designed 20 kW PMBLDC motor are 97.3 %,  

127.3 N.m., and  48.6 N.m. respectively. 

The limitation of PMBLDC Motor is high cogging torque. The increase in cogging torque 

increases the torque ripple of the motor, generates vibration, and noise, and deteriorates its 

performance. The reduction of cogging torque is very essential in permanent magnet motors 

used in torque quality-sensitive applications. Various design modification techniques are 

applied on the stator and rotor side to mitigate cogging torque of initially designed motors. 

FEA has been performed on these techniques to obtain cogging torque of  200 W, 2.2 kW, 

and 20 kW PMBLDC motors. It is observed that techniques like the use of dual PM material 

on the rotor, step skewing of PM, step skewing of PM with dual PM material, magnet 

shaping, magnet shifting, and slot opening shift, reduce cogging torque with marginal 

reduction in average torque of PMBLDC motor. It is analyzed that the peak-to-peak cogging 

torque is reduced from (i) 1.1 N.m. to 0.42 N.m. using the slot opening shift technique in  

200 W PMBLDC motor, (ii) 5.96 N.m. to 2 N.m. using magnet shifting technique in 2.2 kW 

PMBLDC motor, and (iii) 48.6 N.m. to 20 N.m. using magnet shifting technique in 20 kW 

PMBLDC motor. 

The efficiency improvement of an electrical motor is a crucial design issue for motor 

designers. The efficiency of the PMBLDC motor can be improved by using better-quality 

material for the stator core. Hiperco has high flux density, high permeability, and low 

specific iron loss compared to M19 core material. The 200 W, 2.2 kW, and 20 kW radial 

flux PMBLDC motors are initially designed using M19 – 29 Ga material for the stator core. 

The improved designs incorporate Hiperco material in the stator core to improve the 

efficiency of initially designed PMBLDC motors. The effect of Hiperco on the performance 

of the PMBLDC motor is analyzed. It is analyzed that the use of Hiperco magnetic material 

has increased the efficiency of the 200 W PMBLDC motor from 85.14 % to 86.8 % with a 

reduction of weight from 2.169 kg to 1.84 kg. The efficiency is increased from 96.5 % to 

97.3 % and weight is reduced from 17.042 kg to 15.102 kg in the 2.2 kW PMBLDC motor. 

In the 20 kW PMBLDC motor, efficiency is increased from 97.3 % to 98 % with a reduction 

in weight from 103.62 kg to 85.83 kg. The power-to-weight ratio is also increased in three 

motors using Hiperco magnetic material.   
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7.3 Scope of Future Work 

The following are suggestions for the potential scope of future work: 

The radial flux PMBLDC motors for specific applications viz. electric vehicles, the elevator 

can be designed and optimized for minimum torque ripple. 

Design optimization of radial flux PMBLDC motor using various optimization techniques. 

Design, performance improvement, and cost analysis of high-speed radial flux PMBLDC 

motor using SMC material. 
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