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

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

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 

application of dual PM material, stepped skewing of PM, stepped skewing of PM with dual 

PM material, shaping of PM, magnet shifting, 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. 
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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. 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]. 

The design, analysis, and performance improvement of a radial flux surface-mounted 

PMBLDC motor are carried out in this research work. 

 

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 [2], 

 

(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  

 

In projecting type SPM motors, the PMs are projected outside of the rotor surface as shown 

in Fig. 1 (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 (b). In the IPM BLDC motor, the PMs 

are embedded inside the rotor as shown in Fig. 1 (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 sleeve. 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. 
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                                                            (a) 

 

                                                              (b) 

 

                                                                    (c) 

Fig. 1 (a) Surface Permanent Magnet (SPM) motor, (b) Surface Inset Permanent Magnet 

(SIPM) motor, (c) Interior Permanent Magnet(IPM) 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 
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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.  

 

Stator outer diameter and axial length are the main dimensions of the radial flux PMBLDC 

motor as shown in Fig. 2. Efficiency and torque are the significant performance parameters 

of the radial flux PMBLDC motor. Various design variables are assumed to compute the 

desired value of these performance parameters, and dimensions of other parts of the radial 

flux PMBLDC motor [3]-[4]. 

 

Fig. 2: 3-Dimenstional view of radial flux PMBLDC motor showing main dimensions 

 

2. 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 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 economy. An increase in motor 
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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. 

 

3. RESEARCH 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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4. LITERATURE SURVEY 

 

Research Area References 

Features, 

constructional 

aspects, design, 

analysis, and 

applications 

 

1. T.J.E Miller: Brushless Permanent-Magnet and reluctance 

motor drives, 1989. 

2. R. Krishnan: Permanent Magnet Synchronous and Brushless 

DC Motor Drives, 2010. 

3. D.C Hanselman: Brushless Permanent Magnet Motor Design, 

1994. 

4. Handershot et al.: Design of Brushless Permanent Magnet 

Motors, 1994. 

5. Parag et al.: FE Analysis and Computer Aided Design of a 

Sandwiched Axial Flux Permanent Magnet Brushless DC 

Motor, 2006. 

6. K. R. Rajagopal et al.: Computer Aided Design and FE 

Analysis of a PM BLDC Hub Motor, 2006. 

7. B. Singh et.al.: Computer Aided Design of Permanent Magnet 

Brushless DC Motor for Hybrid Electric Vehicle Application, 

2006. 

8. Huang et al.: A General approach to sizing and power density 

equations for comparison of electrical machines, 1998. 

9. Durmus Uygun et. al.: Design and Dynamic Study of a 6 kW 

External Rotor Permanent Magnet Brushless DC Motor for 

Electric Drivetrains, 2015. 

10. K. L. Shenoy et.al.: Design topology and electromagnetic field 

analysis of Permanent Magnet Brushless DC motor for electric 

scooter application, 2016. 

11. D. Kamalakannan et. al.: Design and development of DC 

powered BLDC motor for Mixer-Grinder application, 2016. 

12. Stephan Dunkl et. al.: Design Constraints of Small Single-

Phase Permanent Magnet Brushless DC Drives for Fan 

Applications, 2015. 

13. S.M. Castano et. al.: Design of a Brushless DC Motor for an 

Automotive Application: a Comparative Evaluation with a 
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Commercial Model, 2012. 

14. D. G. Dorrell et. al.: A Review of the Design Issues and 

Techniques for Radial-Flux Brushless Surface and Internal 

Rare-Earth Permanent-Magnet Motors. 2011. 

Cogging torque 

reduction 

 

15. L. Dosiek et. al.: Cogging Torque Reduction in Permanent 

Magnet Machines, 2007. 

16. W. Q. Chu et. al.: Investigation of Torque Ripples in Permanent 

Magnet Synchronous Machines With Skewing, 2013. 

17. W. Ren et. al.: A novel technique of cogging torque reduction 

in mass-produced surface-mounted permanent magnet motor 

using tooth notching pairing. 

18. S. Lee et. al.: Stator and Rotor Shape Designs of Interior 

Permanent Magnet Type Brushless DC Motor for Reducing 

Torque Fluctuation, 2012. 

19. J. G. Wanjiku et. al.: Minimization of Cogging Torque in a 

Small Axial Flux PMSG with a Parallel-teeth Stator, 2011. 

20. Mourad Chabchoub et. al.: PMSM cogging torque reduction: 

Comparison between different shapes of magnet, 2012. 

21. A. Yamada et. al.: A Method of Reducing Torque Ripple in 

Interior Permanent Magnet Synchronous Motor, 2007. 

22. Jong Gun Lee et. al.: Effects of V-Skew on the Cogging Torque 

in Permanent Magnet Synchronous Motor, 2013. 

23. J. Zhao et. al.: Cogging Torque Reduction by Stepped Slot-

Opening Shift for Interior Permanent Magnet Motors, 2019. 

24. R. Islam, et. al.: Permanent Magnet Synchronous Motor 

Magnet Designs with Skewing for Torque Ripple and Cogging 

Torque Reduction, 2007. 

25. T. Liu et. al.: Cogging Torque Reduction by Slot-Opening Shift 

for Permanent Magnet Machines, 2013. 

26. M. Aydin et. al.: Reduction of Cogging Torque in Double-

Rotor Axial-Flux Permanent-Magnet Disk Motors: A Review 

of Cost-Effective Magnet-Skewing Techniques With 

Experimental Verification, 2014. 
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27. O. Ocak et. al.: A New Variable Step Skew Approach for 

Minimizing Torque Pulsations in Permanent Magnet 

Synchronous Motors, 2018. 

Superior materials 

for performance 

improvement 

 

28. H. Toda et. al.: A New High Flux Density Non-Oriented Electrical 

Steel Sheet and its Motor Performance, 2012. 

29. R. Kolano et. al.: Amorphous Soft Magnetic Materials for the 

Stator of a Novel High-Speed PMBLDC Motor, 2013. 

30. W. Chen et. al.: Analytical Comparison Between Ferrite Core and 

Steel Laminations Losses of Multi-Polar Brushless DC Motor, 

2007. 

31. T. Ishikawa et. al.: Analysis of Novel Brushless DC Motors Made 

of Soft Magnetic Composite Core, 2012. 

32. Dorrell et al.: Performance Improvement in High Performance 

Brushless Rare Earth Magnet Motors for Hybrid Vehicles by Use 

of High Flux Density Steel, 2011. 

5. MAJOR CONTRIBUTION 

Based on research objectives, design, analysis, and performance improvement of a radial flux 

surface-mounted PMBLDC motor are carried out. A broad outline of the major contributions 

is given in the subsequent sections. 

5.1 Design of Radial Flux Surface-Mounted PMMBLDC Motor 

5.1.1 Rating of Surface-Mounted Radial Flux PMBLDC Motor 

Three different motors, each rated in fractional, low, and medium power categories, are 

selected for the design. The three different motors of rating 200 W, 2.2 kW, and 20 kW are 

designed using the analytical method. The FEA is carried out to ascertain the correctness of the 

analytical designs.  

5.1.2 Important Design Considerations 

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

design of radial flux PMBLDC motor includes four main steps[3]. 

1. Calculation of main dimensions 

2. Stator design 

3. Rotor design 

4. Performance estimation 
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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. The design of radial flux PMBLDC motor involves the 

assumption of various design parameters like air gap flux density(Bg), current density(δ), 

number of slots(Ns), slot space factor (Sf), winding factor(kw), stacking factor(kst), expected 

efficiency (η), etc.[3-4] The axial length of the motor(L), and rated torque(T) are related to each 

other by the following equation, 

2
3

3
2

4
10

trv

T aspect ratio
L

K split ratio


 

 
         (1) 

where Ktrv is the torque per unit rotor volume 

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

defined as the ratio of the rotor's outer diameter to the stator's outer diameter. Before designing 

the PMBLDC motor, appropriate design variables and materials are selected to achieve good 

performance. Higher air gap flux density increases the generated force. The air-gap flux density 

range is 0.45 T to 0.9 T. The use of a rare-earth magnet may allow the value of air-gap flux 

density to be as high as 0.9 T. Neodymium-Iron-Boron (NdFeB) type PM material is used for 

magnetic poles as it has a high energy product (BHmax) compared to other types of PM material. 

The use of high-energy PM material improves operational efficiency and compactness[5]. The 

frequency and operational flux density influence the choice of soft magnetic material for the 

stator and rotor core. The M19-29 gauge steel material is preferred where cost is not important 

over performance. The stator back iron width and width of stator teeth are calculated by 

assuming the suitable values of stator teeth and stator core flux densities [6-7]. The area of the 

stator slot is calculated by assuming an appropriate value of the slot space factor. The selection 

of the slot space factor depends on the phase voltage and current density. The cross-sectional 

area of the conductor is calculated by assuming a suitable value of current density. The current 

density between 4 -10 A/mm2 is recommended for the PMBLDC motor winding. Lower current 

density is recommended for the low rating, totally enclosed motors. The size and cost of the 

motor increase with lower current density. Higher current density is permitted for large, water-

or-oil-cooled motors having better heat dissipation arrangement. High current density increases 

the copper losses and reduces the efficiency of the motor. Hence, the suitable value of current 

density should be assumed considering the above two contradicting factors. The rotor yoke 

thickness is calculated by assuming the appropriate value of the rotor core flux density [8-14]. 

The performance estimation is carried out from geometrical dimensions and properties of 
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materials. The models of 200 W, 2.2 kW, and 20 kW radial flux PMBLDC motors are as shown 

in Fig. 3(a), 3(b), and 3(c). 

 

(a) 

 

(b) 

 

(c) 

Fig. 3 Model of (a) 200 W PMBLDC Motor (b) 2.2 kW PMBLDC Motor, (c) 20 kW PMBLDC 

Motor 

Design procedure, material characteristics, and performance estimation of radial flux PMBLDC 

motor have been discussed in detail in chapter 2 of the thesis. 
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5.2 CAD and FEA of Radial Flux PMBLDC Motor 

5.2.1 CAD Procedure 

Computer Aided Design (CAD) programs are developed according to the analytical design 

outcome of the radial flux PMBLDC motors. 

 

Fig. 4: Flow chart of CAD procedure for radial flux PMBLDC motor 

The flow chart of the design procedure for the radial flux PMBLDC motor is shown in Fig. 4. 

Motor specifications, material types, and other assumed data for the design are provided as 

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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Design considerations, CAD procedure, and design outcomes have been discussed extensively 

in chapter 3 of the thesis. 

5.2.2 Finite Element Analysis 

Finite element analysis is carried out by preparing two-dimensional (2-D) models in Magnet 

7.5 software to validate the designs. Finite element models of three PMBLDC motors are 

prepared according to the calculated dimensions and appropriate materials are assigned to 

various sections of the motors. The cross-sectional view and flux plot of 200 W, 2.2 kW, and 

20 kW PMBLDC motors are shown in Fig. 5. It is observed that flux densities obtained in 

various parts of the motors are nearly equal to the flux densities assumed during the analytical 

designs. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 
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(e) 

 

(f) 

 

Fig. 5: (a), (c), (e) Cross-sectional view of 200 W, 2.2 kW, 20 kW PMBLDC motors  

(b), (d), (e) Flux density plot of 200 W, 2.2 kW, and 20 kW PMBLDC motors 

The average torque and cogging torque profiles of 200 W, 2.2 kW, and 20 kW PMBLDC 

motors are shown in Fig. 6. It is observed that the average torque and cogging torque of 200 

W PMBLDC motor is 1.91 N.m. and 1.1 respectively. The average torque and cogging torque 

of 2.2 kW PMBLDC motor are 14.5 N.m. and 5.96 N.m. respectively. The average torque and 

cogging torque of 20 kW PMBLDC motor are 127.6 N.m. and 48.6 N.m. respectively. The 

average torques of the three motors are nearly equal to the targeted value of analytical design. 

Results obtained from FEA validate the design procedure. Detailed analysis of results obtained 

from FEA and its comparison with design outcome has been presented in chapter 3 of the 

thesis. 

 

(a) 

 

(b) 
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(c) 

 

(d) 

 

(e) 

 

(f) 

Fig. 6: (a), (c), (e) Average torque profiles of 200 W, 2.2 kW, 20 kW PMBLDC motors 

obtained from FEA (b), (d), (e) Cogging torque profiles of 200 W, 2.2 kW, and 20 kW 

PMBLDC motors obtained from FEA 

5.3 Cogging Torque Reduction of Radial Flux PMBLDC Motor 

5.3.1 Introduction of Cogging Torque 

The cogging torque is generated due to the interaction between the permanent magnets and the 

slotted stator structure. It is inherent in a slotted PMBLDC motor. It is represented with 

following equation[15]. 

21

2
cog g

dR
T

d



                                                                                                                                 (2) 

Where Φg = the air-gap flux 

R = the reluctance of air-gap  

θ = the rotor position 
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5.3.2 Importance of Cogging Torque Reduction 

The cogging torque deteriorates the quality of torque and is responsible for the generation of 

torque ripple in radial flux PMBLDC motor. It develops vibration and noise during motor 

operation and worsens the overall performance of the motor. The torque is the vital 

performance parameter in the PMBLDC motor and utmost attention should be given to 

minimize the cogging torque during the design of the motor[16-27].  

5.3.3 Techniques to Reduce Cogging Torque 

The cogging torque can be reduced by either reducing the air-gap flux or reluctance variation 

with the rotor position. 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 investigation 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 [23-26]. 

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 

Different techniques to reduce the cogging torque of 200 W, 2.2 kW, and 20 kW radial flux 

PMBLDC motors are shown in Fig. 7, Fig. 8, and Fig. 9 respectively. 
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(a) 
 

(b) 

 

 
 

(c)  
(d) 

 

 
(e) 

 
(f) 

 
(g) 

 
(h) 
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Fig. 7: Cogging torque reduction techniques for 200 W PMBLDC motor (a) Application of 

dual PM material, (b) Step skewing of PM, (c) Stepped skewing of PM with Dual PM 

material, (d) Shaping of PM, (e) Shifting of PM, (f) Displacement of the slot opening in an 

anticlockwise direction, (g) Displacement of the slot opening in the clockwise direction, 

(h) Displacement of slot opening in the opposite direction 

 

 
(a) 

 

 
(b) 

 
(c)  

(d) 

 

 
(e) 

 
(f) 
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(g) 

 
(h) 

 

Fig. 8: Cogging torque reduction techniques for 2.2 kW PMBLDC motor (a) Application of 

dual PM material, (b) Step skewing of PM, (c) Stepped skewing of PM with Dual PM 

material, (d) Shaping of PM, (e) Shifting of PM, (f) Displacement of the slot opening in an 

anticlockwise direction, (g) Displacement of the slot opening in the clockwise direction, 

(h) Displacement of slot opening in the opposite direction 

 

 
(a) 

 

 
(b) 

 
(c) 

 
(d) 
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(e) 

 

 
(f) 

 
(g) 

 
(h) 

 

Fig. 9: Cogging torque reduction techniques for 20 kW PMBLDC motor (a) Application of 

dual PM material, (b) Step skewing of PM, (c) Stepped skewing of PM with Dual PM 

material, (d) Shaping of PM, (e) Shifting of PM, (f) Displacement of the slot opening in an 

anticlockwise direction, (g) Displacement of the slot opening in the clockwise direction, 

(h) Displacement of slot opening in the opposite direction 

 

The cogging torque profiles of the initial design and improved designs of the 200 W PMBLDC 

motor are shown in Fig. 10. 
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Fig. 10: Cogging torque profile obtained with various design techniques for 200 W PMBLDC 

motor 

Table I shows a comparison of various cogging torque reduction techniques for a 200 W 

PMBLDC motor. 

Table I 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. Displacement of slot opening 0.42 1.84 61.81 % 

The cogging torque profiles of the initial design and improved designs of the 2.2 kW PMBLDC 

motor are shown in Fig. 11. 
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Fig. 11: Cogging torque profile obtained with various design techniques for 2.2 kW 

PMBLDC motor 

 

Table II shows a comparison of various cogging torque reduction techniques for a 2.2 kW 

PMBLDC motor. 

Table II 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 % 
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The cogging torque profiles of the initial design and improved designs of the 20 kW PMBLDC 

motor are shown in Fig. 12. 

 

Fig. 12: Cogging torque profile obtained with various design techniques for 20 kW PMBLDC 

motor 

Table III shows a comparison of various cogging torque reduction techniques for 20 kW 

PMBLDC motor. 

 

Table III 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 % 
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5.4 Application of Superior Magnetic Material for Performance Improvement 

5.4.1 Properties of Superior Magnetic Material-Hiperco 

Flux density plot and variation of specific iron loss of Hiperco are shown in Fig. 13. 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[28-32]. 

 

(a) 

 

(b) 

Fig. 13:  (a) B-H characteristics (b) Variation of specific iron loss 

 

5.4.2 Design of Motors using Hiperco 

Radial flux PMBLDC motors are designed using Hiperco magnetic material instead of 

conventional M19 silicon steel material. Comparison of initial design with improved design 

using Hiperco for 200 W PMBLDC motor is shown in Fig. 14. The efficiency is improved 

from 85.14 % to 86.8 % and weight is reduced from 2.169 kg to 1.84 kg. 

 

Fig. 14: Comparison of initial design with improved design using Hiperco for 200 W PMBLDC motor 
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Comparison of initial design with the improved design using Hiperco for 2.2 kW PMBLDC 

motor is shown in Fig. 15. The efficiency is improved from 96.5 % to 97.3 % and weight is 

reduced from 17.042 kg to 15.102 kg. 

 

Fig. 15: Comparison of initial design with improved design using Hiperco for 2.2 kW PMBLDC motor 

Comparison of initial design with the improved design using Hiperco for 20 kW PMBLDC 

motor is shown in Fig. 16. The efficiency is improved from 97.3 % to 98 % and weight is 

reduced from 103.62 kg to 85.83 kg. 

 

Fig. 16: Comparison of initial design with improved design using Hiperco for 20 kW PMBLDC motor 
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5.4.3 FEA to Validate Design of Motors using Hiperco 

2-D FE model is prepared as per the dimensions calculated in improved design using Hiperco. 

The FE model, flux density plot, and average torque profile of the improved design of the 200 W 

PMBLDC motor are shown in Fig. 17.  Design calculations and performance comparisons in 

detail have been presented in chapter 5 of the thesis.  

 

(a) 

 

 

(b) 

 

 

(c)   

Fig. 17: 200 W PMBLDC motor (a) 2-D model (b) flux density plot (c) average torque profile 

The FE model, flux density plot, and average torque profile of the improved design of the 2.2 kW 

PMBLDC motor are shown in Fig. 18. 
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(a) 

 
(b) 

 

 
(c)   

Fig. 18: 2.2 kW PMBLDC motor (a) 2-D model (b) flux density plot (c) average torque profile 

The FE model, flux density plot, and average torque profile of the improved design of the 20 kW 

PMBLDC motor are shown in Fig. 19. 
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(c)   

Fig. 19: 20 kW PMBLDC motor (a) 2-D model (b) flux density plot (c) average torque profile 
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6. CONCLUSION 

 

This thesis focused on the design, analysis, and performance improvement of radial flux 

PMBLDC motor. The aim is to improve the efficiency and reduce the cogging torque of radial 

flux PMBLDC motor. A comprehensive design procedure for surface-mounted radial flux 

PMBLDC motor is developed. The analytical designs of three different PMBLDC motors of 

rating 200 W, 2.2 kW, and 20 kW are carried out. Results obtained from FE analysis validate all 

the analytical designs. 

 

Cogging torque reduction of the three radial flux PMBLDC motors is carried out by applying 

various design modification techniques viz. application of dual PM materials, skewing of the 

magnet, step skewing of the magnet, step skewing of the magnet with dual PM materials, shaping 

of the magnet, shifting of the magnet, displacement of slot opening. Rotor side design 

modification is more practical and viable. 

 

The performance of radial flux PMBLDC motors is improved with the application of superior 

magnetic material Hiperco. The improved designs incorporate Hiperco material in the stator core 

to improve the efficiency of initially designed PMBLDC motors. The efficiency of the 200 W 

motor is increased from 85.14 % to 86.8 % and weight is reduced from 2.169 kg to 1.84 kg. The 

efficiency of the 2.2 kW motor is increased from 96.5 % to 97.3 % and weight is reduced from 

17.042 kg to 15.102 kg. The efficiency of the 20 kW motor is increased from 97.3 % to 98 % and 

weight is reduced from 103.62 kg to 85.83 kg. 

 

7. FUTURE SCOPE OF WORK 

 

Radial flux PM motors for specific applications viz. elevator, the torpedo can be designed and 

optimized for minimum torque ripple. 

Design, performance improvement, and cost analysis of high-speed radial flux PM motors using 

SMC material. 

Comparison among various optimization techniques for radial flux PM motors and the 

experimental verification can be performed for that. 
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8. THESIS ORGANIZATION 

 

The thesis will be structured as under: 

 

Chapter 1 (Introduction): This chapter reports various configurations, constructional aspects & 

features of radial flux PM machines, literature review, research objectives, and contribution of 

research. 

Chapter 2 (Design of Radial Flux PMBLDC Motor): This chapter reports the sizing of radial 

flux PMBLDC motor, selection of different materials, and performance estimation. 

Chapter 3 (CAD and FEA of Radial Flux PMBLDC Motor): This chapter reports CAD 

procedure, FEA of radial flux PMBLDC motor. It also reports a comparison between results 

obtained from CAD and FEA. 

Chapter 4 (Reduction of Cogging Torque 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 5 (Application of Superior Magnetic Material for Performance Improvement): This 

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

radial flux PMBLDC motor with superior magnetic material. 

Chapter 6 (Conclusion and Future Work): This chapter reports a summary of work done and 

inferences obtained. It also reports the future scope of work. 
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