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With the rising demand for high-performance motors in electrical vehicle applications, perma-

nent magnet brushless DC motors are a promising solution due to their various attractive features. 

However, it has a significant drawback of high cogging torque, which deteriorates the overall 

motor performance. This negative impact is dominating in electric vehicles for low-speed appli-

cations. It is desirable to reduce the cogging torque to improve the performance of the radial flux 

brushless DC motor. The prime focus of this research is reducing cogging torque through the 

radial pole shaping technique with a bump-shaped rotor pole surface. This work also investigates 

the impact of the proposed approach on torque ripple and motor performance while cutting down 

the requirement for rare earth material. This paper uses two ratings: 1000 W, 510 rpm, and 250 

W, 150 rpm motors. Two reference motors of proposed ratings were designed using radial-shaped 

permanent magnet poles. Finite element software is used for the simulation and modeling of the 

motors. A novel bump-shaped permanent magnet pole shape is introduced, and in-depth investi-

gations have been carried out to evaluate the impact of the proposed pole shape on cogging torque. 

The validity of the analysis results is further substantiated by comparing the improved and refer-

ence model results. The comparison investigation indicates that the motor equipped with the pro-

posed pole shape performs better than the reference motor. 
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1. Introduction 

The growing need for eco-friendly and energy-efficient transportation to reduce carbon emissions 

from the transportation industry is driving up demand for electric vehicles (EVs) [1-3]. Due to the ongoing 

global energy crisis, scientists and researchers have been encouraged to develop environmentally friendly 

modes of transportation with no emissions. Hence, the selection of the motor topology is crucial as it con-

siderably impacts the performance of the entire EV [4]. A permanent magnet brushless DC (BLDC) motor 

is a promising solution. This is because of its attractive features, such as outstanding efficiency, compact 

design, good dynamic response, dependable performance, high power density, and low noise [5-8]. Brush-

less DC motors use rare earth permanent magnet (REPM) material to bolster the performance, unlike 
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conventional motors, which rely on electric stimulation. The Utilization of REPM material reduces copper 

loss and enhances the magnetic flux, which results in higher performance than conventional motors. Brush-

less DC motors employ various permanent magnet types, i.e., Neodymium-Iron-Boron (NdFeB), Samarium 

Cobalt (Sm-Co), AlNiCo, and Ferrites. NdFeB and SM-Co are classified as REPM materials in all the 

magnets used. Neodymium-Iron-Boron REPM material is considered the best available grade because of 

its highest energy product and higher magnetic flux, allowing the designing of more compact-sized motors 

compared to that with AlNico or Ferrite magnets [9, 10]. 

Permanent magnet orientation and magnetic flux arrangement are used to categorise BLDC motors 

into various categories. Based on permanent magnet placement, permanent magnet (PM) motors are clas-

sified into three classes, i.e., surface PM, inset PM, and interior PM. Based on flux flow, PM motors are 

categorized into radial flux, axial flux, and transverse flux PM motors. This work focuses on surface per-

manent magnet radial flux class BLDC (SPM-RFBLDC) motor. It has improved power transmission, fast 

acceleration and deceleration, reduced energy losses, and, most importantly, simpler contraction compared 

to other topologies. Every motor topology has benefits and drawbacks, making them ideal for different 

uses. Hence, before considering any motor topology, it is crucial to carefully assess the application's spe-

cific requirements and weigh each motor type's advantages and disadvantages. 

Understanding the importance of torque quality, a critical factor in motor performance. Alongside 

efficiency and size, torque quality plays a significant role. The pursuit of superior torque quality while 

meeting the required torque is always a worthwhile endeavor. The performance of the SPM-RFBLDC mo-

tor can be profoundly impacted by a high torque ripple (TR), which introduces unwelcome noise and vi-

brations. Therefore, achieving a low TR enhances performance and torque quality. The primary culprits 

behind TR are cogging torque (CT), harmonic components in back-electromotive force, and magnetic cir-

cuit saturation. CT, a significant contributor to TR, results from the interplay between air-gap reluctance 

change and MMF due to PM in the motor. While cogging torque does not directly generate torque, it am-

plifies the TR by overlaying the motor's torque profile. To reduce TR and improve torque quality, it is 

crucial to minimise CT. This can be achieved through design side variations or control side modifications. 

In high-speed applications, torque ripple is mitigated by the system's moment of inertia, but in low-speed 

applications, TR leads to undesirable motor vibration and noise. Therefore, minimising CT is essential to 

reduce torque fluctuation and enhance the overall quality of the motor's torque output. There are two main 

approaches to CT reduction in PM motors: design-based and control-based [11]. CT is reduced by modify-

ing and optimising motor design parameters using the design side approach. 

Regarding reducing CT, the control side approach relies heavily on precise current excitation and the 

reliability and accuracy of sensors. However, design-oriented approaches have proven more effective, in-

stilling confidence in their potential. Approaches such as magnet shifting, stator skewing, rotor skewing, 
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step skewing, the combination of slots poles, slot opening variation, segmented stator laminations, unequal 

placement of rotor magnets, and the addition of dummy slots and notching have shown promise in reducing 

CT [12-17]. Skewing, a widely accepted technique in the industry [18], is a commonly used method. Many 

researchers have been diligently investigating the field of CT reduction through these strategies. Several 

literary works have suggested the implementation of an asymmetrical pole shaping methodology [19] and 

the incorporation of a Herringbone design arrangement, in addition to the usual skewing method, to address 

the issue of axial force imbalance [20]. 

This paper emphasizes the minimization of CT of the SPM-RFBLDC motor using a novel REPM 

pole design. When utilizing the proposed REPM shape to get the desired outcomes, it is always desirable 

to either reduce the REPM material weight or keep it constant. As most researchers aim to diminish torque 

fluctuations with reduced CT and achieve improved performance at a lower cost of permanent magnets, the 

proposed bump-shaped REPM pole design in SPM-RFBLDC motors can reduce CT and improve the torque 

profile. The proposed bump-shaped pole-shaping technique offers a distinct advantage over these tradi-

tional methods, i.e., skewing and magnet shifting. By strategically designing the pole shape, we mitigate 

cogging torque and reduce the required permanent magnet material without introducing additional axial 

thrust to the motor. This results in potential cost savings and contributes to sustainability by minimizing 

material usage. The proposed bump-shaped configuration is realized by changing the pole shape radially. 

Electromagnetic analysis is performed on every configured design. After the electromagnetic analysis, it 

was determined that the SPM-RFBLDC rotor design featuring a permanent magnet pole in a bump-shaped 

configuration exhibits superior electromagnetic performance in reducing CT. The flow of the paper is as 

follows: The design of the reference SPM-RFBLDC motor is presented in section 2. Section 3 discusses 

the performance parameters. The effectiveness of the proposed REPM rotor pole topology is validated by 

comparing the results with the reference model in Section 4, while the conclusion is drawn in Section 5.  

2. Design of Reference SPM-RFBLDC Motors 

Two different ratings 3-phase reference SPM-RFBLDC motors are designed using radial-shaped ro-

tor poles. Figure 1 illustrates the 2-D and 3-D views of the SPM-RFBLDC motor. Where L is the motor 

length, Dso is the stator outer diameter or motor diameter, Dri and Dro are the rotor inner and outer diameter, 

respectively, Lm is the magnet length, wsc is the width of the stator core, and wrc is the width of the rotor 

core. Designing an SPM-RFBLDC motor requires some basic parameters to be selected, including electric 

loading, magnetic loading, sizing constraints, current density, material for core and permanent magnet 

poles, slot-pole combination, and winding type [21]. Both motors are designed to consider the current den-

sity range between 5 - 12 A/mm2 in this design process. Neodymium Iron Boron material is employed in 

https://doi.org/10.53898/josse2024411
https://engiscience.com/index.php/josse


T.Jhankal and A. Patel, 2024 4 
 

 

 
Journal of Studies in Science and Engineering. 2024, 4(1), 1-15. https://doi.org/10.53898/josse2024411 https://engiscience.com/index.php/josse 

designing the rotor poles, while M19 electrical steel material of 29 grade is utilized for stator teeth and 

stator and rotor core. Figure 2 represents the developed reference models of 1000 W, 510 rpm, and 250 W, 

150 rpm ratings SPM-RFBLDC motor with radial pole shape. 

 

(a) 3-D view 

 

 

(b) 2-D view 

Figure 1. 2-D and 3-D constructional view of SPM-RFBLDC motor. 

 

                  (a)                                 (b) 

Figure 2. Developed finite element models of three different ratings: (a) 1000 W and (b) 250 W. 

Figure 3 depicts the whole design process with a reference performance comparison and improves 

the SPM-RFBLDC motor. The developed design program is a five-stage process. Firstly, the motor's spec-

ifications (i.e., power (P), speed (ω), supply voltage (V), number of poles (Np), and number of slots (Ns)) 

are provided along with the initial assumptions of various parameters (i.e., current density (δ), length of air-

gap (lg), materials, type of winding, aspect ratio, split ratio, electric and magnetic loading, etc.). In the 

second stage, stator design is carried out, after which the rotor design is carried out in stage third. In the 

fourth stage, a performance calculation is carried out using the design motor. Now, the performance is 

compared with the desired performance in stage five. If the performance is as desired, the design will stop. 

Otherwise, stage 5 will return the program to the rotor design stage with a change in rotor pole shape. The 

main design specifications and ratings of the reference designs are listed in Table 1.  
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Figure 3. Design process of SPM-RFBLDC motors [22]. 

Table 1. Ratings and main design specifications of reference motors 

Parameter Unit Motor 1 Motor 2 

Rated Power W 1000 250 

Rated Speed rpm 510 150 

Rated Torque N.m. 18.7 15.8 

Supply Voltage volts 48 48 

No. of slots - 24 24 

No. of poles - 8 8 

Motor Diameter mm 163 145.6 

Motor length mm 95.7 101.9 

Length of air-gap mm 0.5 0.5 

Magnet fraction - 0.7 0.67 

Fill factor (%) - 40 40 

Slots/pole/phase - 1 1 

Permanent magnet pole height mm 5 5 

Core material - M19 - 29Ga M19 - 29Ga 

Permanent magnet material - NdFeB - N38 NdFeB - N40 
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 In the improved design with the proposed pole shape, the stator is kept unchanged as a reference 

design, and the rotor side is changed by only changing the pole shape from radial to the proposed one, as 

displayed in Figure 4. Figure 4 also displays the various parameters (i.e., harc is the height of the bump arc, 

larc is the length of the bump arc, hm' is the new height of the magnet excluding the height of the bump and 

θm is the magnet pole arc) which plays a vital role in the selection of optimal bump shape for the two 

different SPM-RFBLDC motors as the calculation of bump radius is directly depending on these parame-

ters. 

 

 

Figure 4. Proposed bump-shaped permanent magnet pole structure for SPM-RFBLDC motor. 

3. Electromagnetic Analysis 

Evaluation and comparative analysis reference and proposed designs for both 1000 W and 250 W 

motors are presented in this section. Electromagnetic analysis assesses different performance parameters, 

i.e., weight, efficiency, back EMF, flux density, CT, and torque. 

 

  

(a) (b) 

Figure 5. Flux density plot of 1000 W, 510 rpm motor (a) reference motor and (b) motor with the proposed 

bump-shaped pole. 
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The flux density plots of 1000 W and 250 W SPM-RFBLDC reference and improved motors are 

obtained using finite element analysis (FEA). Figure 5 and Figure 6 show the comparison of flux density 

plots of 1000 W and 250 W SPM-RFBLDC motors with reference radial type poles and proposed pole 

shapes, respectively. The flux density analysis shows that the measured flux density closely matches the 

assumed flux density in different motor sections. No saturation is observed since the flux density remains 

within the permissible limit for all the models (i.e., 1.3-1.7 T). 

  

(a) (b) 

Figure 6. Flux density plot of 250 W, 150 rpm motor (a) reference motor and (b) motor with the proposed 

bump-shaped pole. 

3.1. Cogging Torque 

Cogging torque represents a fundamental characteristic of SPM-RFBLDC motors, stemming from 

the interaction between the permanent magnet poles on the rotor's side and the stator teeth in SPM-RFBLDC 

motors. Within SPM-RFBLDC motors, the stator teeth serve as the primary source of reluctance variation, 

while the primary cause of magnetic flux fluctuation is attributed to the permanent magnet poles. Remark-

ably, CT is observable without a power supply to the stator windings. It is most visible at low speed, with 

the symptoms of jerks and noise. At high speed, the moment of inertia of the motor filters out jerks and 

vibration due to CT. This torque exhibits periodic behavior due to the cyclical changes in air-gap reluctance. 

The expression for CT is represented as [23, 24, 25, 26].  

𝑇𝑐𝑜𝑔𝑔.  =  − 
𝜕𝑊

𝜕𝜃
 (1) 

Here, 𝑊 symbolises the energy of the magnetic field, and 𝜃 indicates the rotation angle. The expres-

sion for the stored magnetic-field energy in SPM-RFBLDC motors can be stated as shown in Eq. (2), as-

suming the radial edge effects are neglected. 

𝑊 ≅ 𝑊𝑚𝑎𝑔𝑛𝑒𝑡+𝑎𝑖𝑟−𝑔𝑎𝑝 (2) 
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𝑊 =
∫ 𝑄0𝐵𝛼

2(𝛽)𝑑𝑉
 

𝑉

2𝜇0
 (3) 

𝑄(𝛽, 𝜃) = (
ℎ𝑚(𝛽)

ℎ𝑚(𝛽) +  𝛿(𝛽, 𝜃)
)

2

 (4) 

Here 𝑄(𝛽, 𝜃) is air-gap relative permeance, 𝜇0 is free space permeability, 𝑉 is the volume of air-

gap, 𝛽 is the circumference angle of air-gap, 𝐵𝛼(𝛽) is distribution of flux density in the air-gap, 𝛿(𝛽, 𝜃) 

is the distribution function of effective air-gap length and ℎ𝑚 height of the PM,. The 𝐵𝛼
2 and 𝐶 expres-

sions are 

𝐵𝛼
2(𝛽) = 𝐵𝛼𝛽 +  ∑ 𝐵𝛼𝑧 𝑐𝑜𝑠(2𝑧𝑝𝛽)

∞

𝑧=1

 (5) 

and 

𝑄 = 𝑄0 + ∑ 𝑄𝑧 𝑐𝑜𝑠(𝑗𝑧(𝛽 + 𝜃))

∞

𝑧=1

 (6) 

Re-writing Eq. (1) by using Eqs. (2) to (6), 𝑇𝑐𝑜𝑔𝑔. is expressed as, 

𝑇𝑐𝑜𝑔𝑔. (𝜃) =
𝜋𝑧𝛿(𝑅𝑠𝑜𝑢𝑡

2 −  𝑅𝑟𝑐
2 )

4𝜇0
∑ 𝑧𝑄𝑧 𝐵𝛼𝑧𝑈/2𝑝 𝑠𝑖𝑛(𝑧𝐾𝜃)

∞

𝑧=1

 (7) 

Where,  𝐾 is the least common multiple of the number of poles and number of stator slots, p is the 

number of pole-pairs, number of stator slots is represented by 𝑁𝑠, 𝑅𝑠𝑜𝑢𝑡 is the stator's outer radius, 𝑅𝑟𝑐 is 

the rotor core radius,  𝑄0 and 𝑄𝑧 are the Fourier series coefficients. As with the change in PM pole shape, 

it leads to the change in 𝐶(𝛽 + 𝜃) and 𝐵𝛼(𝛽). Hence, this changes the magnetic field energy stored, which 

leads to a change in the motor's CT, as shown in Eq. (7).  

Figure 7 and Figure 8 compare CT profiles obtained from the electromagnetic analysis of the model 

improved with the proposed pole shape for different values of bump radius (BR) and the reference model. 

Peak-to-peak CT of reference 1000 W and 250 W motors are 9.660 N.m. and 5.40 N.m. Keeping all the 

other parameters of the rotor and stator side unchanged, only bump-shaped PM-RPs are introduced instead 

of radial-shaped PM-RPs. To reduce the CT further, the radius of the bump arc shape varies from 0 to 20 

mm for the 1000 W motor and from 0 to 19 mm for the 250 W motor. The desired result of the proposed 

technique is obtained at 20 mm and 19 mm bump arc radius for 1000 W and 250 W motors, respectively. 

In Figure 7, the reduction in CT is observed from 9.66 N.m. to 0.886 N.m. when BR is kept at 20 mm in a 

1000 W motor. Moreover, CT is reduced from 5.40 N.m. to 2.926 N.m. when BR is 19 mm in a 250 W 

motor. 
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Figure 7. Comparison of CT profiles of 1000 W, 510 rpm motor. 

 

Figure 8. Comparison of CT profiles of 250 W, 150 rpm motor. 

3.2. Average Torque 

Here, the torque produced by the 250 W, 150 rpm, and 1000 W, 510 rpm rating motors are analyzed 

and investigated for reference and improved models with the proposed approach. The torque profile of 1000 

W and 250 W motors designed using the radial-shaped REPM material pole (reference model) and proposed 

bump-shaped REPM material pole are compared and presented in Figure 9 and Figure 10, respectively. The 

average torque developed by the reference model of 1000 W and 250 W rating motor is 18.80 N.m. and 

15.91 N.m., respectively. In contrast, the models designed using the proposed approach for reducing CT 
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develop an average torque of 16.6 N.m. in a 1000 W rating motor and 15.1 N.m. in a 250 W rating motor. 

Eq. (8) illustrates the relation for calculating TR in the torque profile. Where Tmax and Tmin are the maximum 

and minimum torque observed in the torque profile, and Tavg is the average torque developed by the motor. 

Tripple(%) =  
Tmax − Tmin

Tavg
× 100 (8) 

 

Figure 9. Comparison of torque profiles of reference and improved 1000 W, 510 rpm motors. 

 

Figure 10. Comparison of torque profiles of reference and improved 250 W, 150 rpm motors. 

3.3. Back - EMF 

When in any coil, there is a change in flux linkage, which leads to the generation of a force known as 

electromotive force (EMF). Hence, it can be explained as a change in flux w.r.t. time. Back-EMF and torque 

are directly related in the case of SPM-RFBLDC motors. Hence, any change in either one is directly 
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reflected in another parameter. Figure 11 compares back-EMF profiles of improved and reference motors 

as a function of rotation angle. With the application of the proposed REPM pole shape, a slight reduction 

in the peak value of back-EMF is observed with an improved back-EMF profile with reduced harmonics. 

Figure 12 compares the amplitude of harmonics components present in improved and reference motor's 

back-EMF profiles.  

 

(a) 

 

(b) 

Figure 11. Comparison of back EMF profiles of reference and improved models (a) 1000 W, 510 rpm 

motor and (b) 250 W, 150 rpm motor. 

The total harmonics distortion (THD) value represents the distortion caused by the presence of har-

monics components in the back-EMF profile. Hence, the higher the value of THD, the higher the distortion, 

affecting torque quality and overall motor performance.  
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THD(%) =
√∑ Zj

2n
j=2

Z1
× 100 

(9) 

Where Zj, j and Z1 represents the harmonic elements, total elements, and first-order elements, respectively. 

 

(a) 

 

(b) 

Figure 12. Harmonic components of back EMF profiles of reference and improved models (a) 1000 W, 

510 rpm motor and (b) 250 W, 150 rpm motor. 

4. Performance Comparison 

This section compares the performance of the reference motor with a radial pole shape and the im-

proved motor with the proposed bump shape for both ratings. A comparison of performance parameters is 

presented in Table 2 for both ratings.  
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Table 2. Performance comparison of reference and improved motors. 

Parameter Unit 
1000 W, 510 rpm Motor 250 W, 150 rpm Motor 

Reference Improved Reference Improved 

Torque (T) N.m. 18.80 16.60 15.91 15.10 

Cogging torque(p-p) N.m. 9.660 0.886 5.400 2.926 

Torque ripple (%) - 42.85 19.12 52.63 32.14 

Power W 1000 1000 250 250 

Back EMF THD (%) - 21.84 13.89 21.56 14.87 

Overall Efficiency (%) - 90.3 89.3 81.7 80.6 

PM weight (Wpm) kg 0.805 0.698 0.680 0.603 

Motor weight kg 11.413 11.301 9.861 9.784 

T/Wpm Ratio N.m./kg 23.35 23.78 27.81 25.04 

The permanent magnet weight with the proposed pole shape application is reduced from 0.805 kg 

and 0.680 kg to 0.698 kg and 0.603 kg in the 1000 W and 250 W designs, respectively. The torque profile 

is also improved in both rating designs as TR is reduced from 42.80 % to 19.12 % in the 1000 W design, 

whereas it is reduced from 52.63 % to 32.14 % in the 250 W design with the application of the proposed 

pole shape. Different performance parameters such as power, permanent magnet weight, back-EMF THD, 

average torque, motor overall weight, CT, and torque to permanent magnet weight ratio are also analyzed 

for all the designs. The proposed bump-shaped permanent magnet pole approach has shown a significant 

reduction in cogging torque and reduced torque ripple, leading to the improved torque characteristics of the 

motors. With better torque characteristics, the reliability and durability of the motor will be better. Hence, 

the proposed approach is favorable regarding the motor's reliability and durability in real-world applica-

tions. 

5. Conclusion 

Two 3-phase SPM-RFBLDC motors with power ratings of 1000 W and 250 W are designed with 

rated speeds of 510 rpm and 150 rpm, respectively. Performance analysis of the reference motors was car-

ried out using commercially available FEA software. A novel rotor pole shape is proposed, analyzed, and 

compared with the reference radial-shaped pole configuration. Compared to the reference designs, the pro-

posed approach decreases the CT with less permanent magnet material requirement. The proposed approach 

significantly reduces peak-to-peak CT compared to the reference motors for both ratings, i.e., 90.82 % in 

the 1000 W motor and 45.81 % in the 250 W rating motor. The reduction in rare earth material requirement 

observed with the application of the proposed pole shape is 13.29 % and 11.32 % reduction in overall rare 
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earth material weight in 1000 W, 510 rpm motor and 250 W, 150 rpm motor, respectively. This research 

unequivocally shows the efficacy of the proposed approach in CT and TR reduction with a significant 

reduction in rare earth material requirement. Nevertheless, the approach has its advantages and constraints. 

Hence, the proposed approach can be a viable option for reducing CT in other electrical motor topologies. 

Declaration of Competing Interest: The authors declare they have no known competing interests. 
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