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Abstract 
This paper presents modified rotor designs for two conventional V- and Flat-type BLDC motors to reduce the torque 

ripple. For gaining an insight into design features, the torque production characteristics are described at the beginning of 

the paper. By analyzing and comparing performance parameters including cogging torque, air gap flux density, back 

EMF, and torque average, the paper tries to describe how the torque ripple can be affected and reduced by shaping the 

air gap and creating specific holes in the rotor magnetic path. First, the conventional V-type BLDC motor was analyzed. 

Sensitivity analysis was deployed to shape the air gap and to create holes in the rotor structure. Then, all the results for 

both conventional and proposed V-type models were compared. Consequently, the torque ripple was effectively 

reduced without affecting other performance parameters. Next, the Flat-type BLDC motor was considered. Following 

the sensitivity analysis, the air gap was shaped, and holes were created. Similar to the proposed V-type design, the 

proposed Flat-type design effectively reduced the torque ripple compared with the conventional design. The results 

were obtained using finite element analysis; it confirmed the effectiveness of the proposed designs in both V- and Flat-

type BLDC motors. 
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1. Introduction 
Recently, BLDC permanent magnet motors are widely 

used in industries due to their excellent performance, 

high power and efficiency, as well as low maintenance 

costs. These types of motors can be divided into two 

categories including the internal and external rotor types. 

Internal rotor permanent magnet motors are classified 

into two categories: the interior permanent magnet (IPM) 

and the surface permanent magnet (SPM).  In the IPM 

type, the permanent magnets are placed inside some holes 

in the rotor, while in the SPM type they are placed on the 

surface of the rotor. IPM motors have a very good 

overload capability at any speed range, while SPM 

motors are lacking in this capability independent of the 

applied current [1]. However, the construction and 

production of SPM motors are much simpler and easier 

than the IPM motors. 

In applications that require low noise, minimal 

vibration, and high efficiency, the torque ripple is of 

particular interest. Also, in some exceptional cases, such 

as small-sized motor designs and high torque density 

using rare permanent magnets, the amount of torque 

ripple is considerable. Therefore, in recent years many 

investigations have been carried out on this feature to 

reduce the torque ripple in permanent magnet motors. 

The cogging torque and the interaction of 

back EMF and phase current waveforms are the main 

factors on which the torque ripple is built. Cogging 

torque is created by an interaction between the magnetic 

field produced by the permanent magnets and the stator 

teeth. The second factor is the profile of the back EMF, 

which determines the smoothness of torque production in 

the motor [2]. Although it may be possible to produce 

approximately smooth torque with any type of back EMF 

waveform by controlling the phase current, this will 

require relatively complicated control methods and costly 

electronic circuits. On the other side, the waveform of the 

back EMF is directly related to the air gap flux density. 

Therefore, improving air gap flux density waveforms 

results in back EMF with low distortion and, thus, the 

low torque ripple. The air gap flux is directly influenced 

by the rotor magnet flux density and the configuration of 

the stator, air gap, and rotor construction [3]. As a result, 

the designers try to reduce air gap flux density distortion 

and the back EMF harmonic distortion by making 

reasonable changes in the construction of the rotor and 

stator and also shaping the air gap in the permanent 

magnet motors. Much research has been conducted on 

reducing torque ripples in permanent magnet motors. 

Many studies have been carried out to reduce the torque 

ripple by decreasing the cogging torque via changing the 

arrangement of permanent magnets [4, 5], asymmetrical 

designing of permanent magnets [6], making barriers and 

holes in the rotor [7, 8], skewing rotors and permanent 

magnets [9, 10] and making changes in the shape of 

permanent magnets [11, 12]. Research in other studies 

focuses on designing new controllers and drives to reduce 

the torque ripple. These papers discussed the torque 

ripple reduction in variety of ways. They include using 

direct power control instead of field-oriented control 

(FOC) and the direct torque control (DTC) [13], 

predicting phase currents based on back EMF using the 

PWM-MPC algorithm [14], using power control based on 

FCS-MPC [15], and using a torque control strategy 

considering the torque ripple caused by both non-ideal 

back EMF and current commutation [16]. The torque 

ripple reduction by improving air gap flux density profile 

and reducing the back EMF harmonics amplitude is 

discussed in [17-30]. In [17], by changing the rotor 

construction, high-order harmonics of back EMF and 

torque ripple are decreased. In [18], high-frequency 

acoustic vibrations and SEMF are reduced using 

eccentric permanent magnets. Also, in [19], torque ripple 

and back EMF harmonics are reduced with an 

asymmetrical stator design. Some changes in the type of 

winding distribution may reduce the harmonics of the 

back EMF and, thus, the torque ripple [20, 21]. 

Moreover, by applying some improvements in the shape 

of the rotor and holes, the motor performance parameters  

such as back EMF and torque, can be improved [22, 23]. 

In [24], by shaping the air gap, the flux density distortion, 

and the back EMF THD have been reduced; that event, in 

turn, mitigates the torque ripple. In [25] the design of 

permanent magnets considering current waveforms 

similar to the third harmonic injection is proposed so that 

the waveform of air gap flux density and torque 

characteristics can be improved in comparison with the 

conventional design. Using an advanced inverse cosine 

function (AICF) and an asymmetrical rotor design, the air 

gap flux density becomes more sinusoidal, which leads to 

a reduction in the torque ripple effectively [26]. 

Moreover, the eccentric air gap and the advanced step 

skewed rotor (ASSR) design may be developed and 

implemented to reduce the torque ripple [27]. In [28], a 

reduction in the torque ripple is reported by changing the 

barrier shape to block the circulating magnetic flux inside 

the rotor, making the magnetic flux pass through the air 

gap. Closed slots in the stator may affect the torque ripple 

and the rotor eddy current losses [29]. In [30], by shaping 

the air gap, the harmonics of no-load air gap flux density 

and the torque ripple have been reduced. The torque 

ripple analysis may be further considered in future for 

renewable energy systems [31]. 

This paper proposes modified rotor designs for two V- 

and Flat-type BLDC motors to reduce the torque ripple 
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by improving the back EMF profile. Using sensitivity 

analysis in two proposed designs, the air gap is shaped, 

and barriers are created on the rotor. Then, the analytical 

results of designs are extracted and, comprehensively, 

evaluated using FEM. The results and their comparisons 

have confirmed the effectiveness of the proposed designs 

for both V- and Flat-type BLDC topologies in terms of 

the torque performance. Additionally, the proposed 

designs have had no adverse effect on other motor 

performance parameters. 

2. Torque Production in BLDC Motors 
In BLDC motors, torque quality is determined by two 

factors including the cogging torque and the interaction 

between the back EMF and phase current waveforms. 

Smaller cogging torque or smaller distortions in the back 

EMF waveform result in a reduced torque ripple and, 

consequently, a better motor performance. Cogging 

torque can be obtained by calculating coenergy around 

the desired region, that is, around the edges of the magnet 

in proximity to the nearest tooth and slot opening as [3] 

cdW

dθ
cogT   (1) 

where Wc and θ are the coenergy and the rotor mechanical 

position respectively. Also, the coenergy is given by 
2
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where vr stands for integral volume. Even though there 

are some analytical methods to predict the cogging 

torque, their prediction accuracy is not sufficient to be 

used in a high-performance design of the motor. It is 

usual to employ a two-dimensional finite element 

analysis to examine a design for the reduced cogging 

torque. In that case, the Maxwell stress tensor on air gap 

volume can be computed to yield the cogging torque as 

0 g

cog n t

g S

L
T rB B ds

l


   (3) 

where L is the active rotor length, lg is the air gap length; 

r is the dummy radius; Bn and Bt are the normal and 

tangential flux densities of the air gap respectively. Sg is 

the air gap surface area. According to equation (3), the 

cogging torque is directly related to the active rotor 

length and the air gap flux density, while it is inversely 

related to the air gap length. 

The second influential factor on the torque profile is 

the quality of the back EMF waveform. Equation (4) 

represents the electromagnetic torque produced by the 

motor. According to (4), the smoother peak of back EMF, 

along with the phase currents, which are assumed 

constant in the conduction interval, contributes to a lower 

torque ripple. Therefore, the back EMF waveform has a 

significant influence on the torque profile. 
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  (a)                                                                            (b) 

Fig. 1: (a) Proposed and (b) conventional V-type BLDC motors

In (4), ea, eb, and ec are the phase induced back EMF 

voltages; ia, ib, and ic are the phase currents; and ωm is the 

rotor speed. Also, the induced back EMF in brushless DC 

motors can be calculated as in [32] 
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where Nm is the number of poles; N is the number of 

turns, and ϕg is the air gap flux. The air gap flux can also 

be expressed as 

2
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      (6) 

where θp is the angular pole pitch; Bg is the air gap flux 

density, and Rro is the air gap radius. Substituting (6) into 

(5) yields 
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It can be concluded that the induced back EMF 

directly relates to the air gap flux density. Moreover, the 

air gap flux density waveform is directly affected by PM 

magnetic flux, rotor and stator construction as well as the 

shape of the air gap. 

3. Proposed Designs of BLDC Motors 

3.1. Proposed Design of V-Type BLDC 

Motors 
The proposed V-type BLDC motor is shown in Figure 1 

alongside the conventional one. In both designs, 

specifications such as the number of slots, the shape of 

the slots, the number of poles, the number of turns, the 

type of phase winding, the position, the dimensions, and 

magnetic characteristics of the core and permanent 

magnets are the same. Table 1 summarizes the common 

specifications of the proposed and conventional designs. 

As shown in Figure 1, in the proposed design, the air gap 

has been modified by some cuts located between two 

adjacent poles. Additionally, in the proposed design, 

there are some holes as flux barriers on the other side of 

the permanent magnets. These modifications improve the 

magnetic flux distribution in the V-type BLDC motor. To 

effectively design the proposed structure, the length of 

the cuts between the poles, the number of magnetic 

barriers, and the distance between the barriers will be 

used as design parameters. The sensitivity analysis will 

be conducted in the following section. 

Table 1: Common specifications of the proposed and 
conventional V- and Flat-type designs 

Parameter Value Material 

Stator external diameter 100mm 
Cognet M470 

Stator internal diameter 52mm 

Rotor diameter 50mm Cognet M470 

Remanence of PMs 1.2T NdFeB N35 

Stack length 70mm - 

Air gap length 1mm - 

Slot numbers 12 - 

Pole numbers 4 - 

Rated power 350 W - 

Rated voltage 80 V - 

3.1.1. Simulation and Meshing Characteristics 
Figure 2 illustrates the meshing of both proposed and 

conventional designs. In areas with high gradients such as 

air gaps, the mesh density should be set properly. 

Otherwise, the results will not be accurate. As shown in the 

figure, in both proposed and conventional designs, the 

mesh density in the air gap is higher than in other areas but 

lower in areas such as slots and stator back iron. 

Simulations are also conducted in the transient magnet 

mode, and the results have been analyzed. 

 

 
(a) 

 
(b) 

Fig. 2: Illustrations of meshing in both (a) proposed and (b) 
conventional V-type designs. 

3.1.2. Sensitivity Analysis of the Proposed V-
Type BLDC Motor 

This section uses sensitivity analysis to determine the 

most optimal values for the air gap shaping design 

parameter. As shown in Figure 3a, L indicates the length 

of the cuts between the poles. L is changed in ten steps, 

and the results are then compared. Considering nominal 

running conditions, torque waveforms are calculated in 

one period and are shown in Figure 3b for different 

values of L. As seen, by increasing the length, L, the 

average value of the torque increases for the first steps 

and remains constant. Thus, there may be a maximum 

optimal value for the design parameter, L. The same goes 

for the torque ripple, inversely, by increasing the length, 

L. 

Based on Figure 3b and comparing the last two cases, 

IX and X, it can be seen that the design parameter in case 

X has reached its optimal value beyond which the 

average torque and the torque ripple cannot be changed 

further. Therefore, state X is selected and fixed in the 

following sensitivity analysis for the flux barriers. 

In the next step, according to Figure 4, the sensitivity 

analysis is performed to determine effectively the number 

and distances between the barriers on the outer side of the 

permanent magnets. These barriers confine the flux 

produced by the permanent magnet into an air gap 

suitably and prevent it from circulating considerably. 
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(a) 

 
(b) 

Fig. 3: (a) Geometrical states and (b) the motor total torque 
waveforms in terms of design parameter, L. 

 

The distances specified in blue, as shown in Figure 4, are 

fixed in any step of sensitivity analysis and have the same 

size. For any specific number of flux barriers, the 

distance between barriers is changed, and the results are, 

then, compared. In the first step, the distance, as shown in 

Figure 4a, is changed for two flux barriers. In the second 

step, the distance between the holes, as shown in Figure 

4b, is changed for three flux barriers. Finally, in the third 

step, the distance, according to Figure 4c, is modified for 

four barriers. The established torques, in these three 

steps, are compared with each other, and the 4-hole 

design with a distance of 1.75 mm from each other is 

selected for flux barriers; it has a higher value of average 

torque than the others. The torque waveform in one cycle 

for the selected design is shown in Figure 4d. 

3.1.3. Analysis and Result Comparisons of the 

Conventional and Proposed V-type BLDC Motors 

In this section, the performance results and waveforms of 

different analyses for the proposed and conventional V-

type BLDC motors are presented and compared in the 

same conditions. First, the distributions of flux lines in 

the two proposed and conventional designs are compared. 

Figure 5 depicts the flux lines passing through the rotor 

and stator when the minimum and maximum values of 

the torque applied to the rotor. Also, the active phases in 

each mode are specified. The flux barriers in the structure 

of the proposed V-type rotor change the flux path near 

the air gap and may affect the magnetic field stress in 

some rotor angles. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 4: Geometrical view of the proposed V-type BLDC 

motor with (a) two, (b) three, and (c) four flux barriers 

considering the distance, D, between them and (d) selected 

design torque waveform 

 
Next, in order to compare the two proposed and 

conventional V-type designs comprehensively, the 

magnetic flux density in all parts of the motor is also 

examined. Figure 6 shows the flux density for the 

minimum and maximum torques in the proposed and 

conventional V- type motors. The active phases are also 

specified in each case. The stator in both 

designs experiences approximately the same flux ensities, 

but in the rotor, there are some differences near the air 

gap. Moreover, the maximum magnetic flux density of 

the stator is selected to be near the knee point of the core 

magnetic curve. 
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         (a)                                        (b) 

 
         (a)                                        (b) 

Fig. 5: Flux lines distribution when applying (a) - (b) the 
maximum, and (c) - (d) minimum torque to the rotor of the 

proposed and conventional V-type BLDC motors. 
 

 
  (a)                                  (b) 

 
 (a)                                  (b) 

Fig. 6: Magnetic flux density of the proposed and 
conventional motors in the (a,c) maximum and (b,d) 

minimum torque modes 
 

Figure 7 shows the air gap flux density waveforms for 

the proposed and conventional V-type designs. Figure 7a 

shows the normal components of the air gap flux density in 

both motors, which seems to be almost the same. However, 

as shown in Figure 7b, the tangential components of the air 

gap flux density are different. As it can be seen, the slotting 

effect in the aforementioned components of the proposed 

design is significantly less than that of the conventional 

one. Therefore, the difference in the tangential air gap flux 

density waveforms of the proposed and conventional design 

leads to different back EMFs. Consequently, the back EMF 

waveform influences the torque ripple which has less value 

in the proposed design. 

 
(a) 

 
(b) 

Fig. 7: (a) Normal and (b) tangential air gap flux density 
waveforms for the proposed and conventional V-type BLDC 

motors 
 
Figure 8 shows the back EMF waveforms of the 

conventional and proposed V-type motors. For similar 

working conditions, the back EMF waveform of the 

proposed design is smoother than the conventional one. 

The THD, 14.14% for the proposed design and 17.52% for 

the conventional design, indicates 19.29% reduction in the 

total harmonic distortion of the proposed design. Of 

course, all of the back EMF values in one period are not 

involved in the torque production because of the phase 

commutation. 

The cogging torque is also analyzed for two 

conventional and proposed V-type motors, as shown in 

Figure 9. As seen, the cogging torque in the proposed 

design is slightly higher than the conventional one. 

However, this difference does not have an undesirable 

effect on the total torque ripple. 

Figure 10 shows the total electromagnetic torque in 

the proposed and conventional V-type designs for the 

rated phase currents. As shown, the torque ripple in the 

proposed design with 5.13 percent is less than the 

conventional one with 11.03 percent. This issue indicates 

a 53.49% reduction in the torque ripple for the proposed 

design compared with the conventional one. Average 

torques, in the proposed and conventional designs, are 

1.066 N.m and 1.071 N.m respectively. As a result, the 

toque ripple reduction in the proposed design has been 

obtained without any considerable change in the average 

torque. 
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Fig. 8: Comparison of the induced back EMF for the 

proposed and conventional V-type BLDC motors 

 
Fig. 9: Comparison of the cogging torque for the proposed 

and conventional V-type BLDC motors 
 
 

Figure 11 shows the torque ripple for different output 

powers in both conventional and proposed V-type 

BLDCs. For each different output power, the average 

torque is constant for both BLDC motors. On the other 

side, the torque ripple in the proposed design is less than 

the conventional one for the outputs near the rated power. 

For example, for 120% of the rated output, the torque 

ripple is 5.96% in the proposed design and 11.6% in the 

conventional design. These values for the rated output are 

about 5.13% and 11.03% respectively. These values for 

80% of the rated output are 11.27% in the conventional 

design and 6.50% in the proposed one. 

In order to finalize the comparison between different 

proposed and conventional V-type designs, the ripple and 

average value of the torque are further analyzed based on 

different PM materials of the rotor and various output 

power. Figure 12 and figure 13 show the torque ripple 

and its average value for both designs. Figure 12a and 

12b depict the torque ripple for the proposed and 

conventional designs respectively. As it can be seen, the 

torque ripple of the proposed design, while using PMs 

with high remanent flux density,  

 

 
Fig. 10: Electromagnetic torque waveforms of the 
proposed and conventional V-type BLDC motors 

 
Fig. 11: Torque ripple for different output powers in the 

proposed and conventional V-type BLDC motors 

 
(a)                                                                                             (b) 

Fig. 12: Illustration of the torque ripple for the (a) proposed and (b) conventional V-type BLDC motors considering different 
PM materials and various output powers.
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(a)                                                                               (b) 

Fig. 13: Illustration of the mean value of the torque for (a) proposed and (b) conventional V-type BLDC motors considering 
different PM materials and various output powers

is considerably less than the conventional one near the 

rated output power. Also, the torque ripple, while using 

PMs such as SmCo, is slightly lower than the conventional 

design. Figure 13a and 13b show the average value of the 

torque for proposed and conventional designs respectively. 

It can be clearly seen that the average value of the torque is 

almost the same for both designs. As a result, the proposed 

V-type design is very suitable for the applications 

requiring high torque density and low torque ripple. 

 

 

3.2. Proposed Design of Flat-Type BLDC Motors 
Figure 14 shows the proposed Flat-type BLDC motors 

compared to the conventional ones. In both designs, 

parameters including the number of turns, the type of 

phase winding, the position, dimensions, and the 

magnetic characteristics of the permanent magnets are the 

same. Moreover, the stator characteristics including the 

number of stator teeth, the shape of the slots, and the 

core magnetic characteristics are the same. 

 
(a)                                                                 (b) 

Fig. 14: (a) Proposed and (b) conventional Flat-type BLDC motors

Table 1 summarizes the common specifications of the 

proposed and conventional designs. As shown in Figure 

14, in the proposed design the air gap has been modified 

by some cuts located between two adjacent poles. 

Additionally, in the proposed design, there are some 

holes as flux barriers on the other side of the permanent 

magnets. These modifications improve magnetic flux 

distribution in the proposed Flat-type BLDC motor. To 

design the proposed structure effectively, the length of 

the cuts between the poles, the number of the holes as 

magnetic barriers, and the distance between the holes are 

selected as the design parameters. These are further 

evaluated using sensitivity analysis in the following 

section. 

3.2.1. Simulation and Mesh Characteristics 
Figure 15 illustrates the meshing of both proposed and 

conventional designs. In areas with high gradients such as 

air gaps, the mesh density should be set properly. 

Otherwise, the results will not be accurate. As shown in 

the figure, in both proposed and conventional designs, the 

mesh density in the air gap is higher than that in other 

areas but lower in areas such as slots and stator back iron. 

Simulations are also conducted in the transient magnet 

mode, and the results have been analyzed. 
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3.2.2. Sensitivity Analysis of the Proposed Flat-

Type BLDC Motors 
This section uses sensitivity analysis to determine the 

most optimal values for the air gap shaping design 

parameters in the proposed Flat-type structure. As shown 

in Figure 16a, L indicates the length of the cuts between 

the poles. L is changed in ten steps, and the results are, 

then, compared. Considering nominal conditions, back 

EMF waveforms are shown in Figure 16b for different 

values of L. As seen, by increasing the length, L, the back 

EMF increases first and remains constant. Also, Figure 

16c shows torque waveforms in one period for different 

values of L. As seen, by increasing the length, L, the 

average value of the torque increases for the first steps 

and remains constant for the subsequent steps. 

Consequently, the design parameter, L, may have an 

optimal value. The same goes for the torque ripple, 

inversely, by increasing the length, L. 

 
(a) 

 
(b) 

Fig. 15: Illustrations of meshing in both (a) proposed and 
(b) conventional Flat-type designs 

 

Figure 16c shows that by comparing the last three 

states, IX, X, and XI, one can observe that the design 

parameter in state XI has reached its optimal value. 

Beyond this value, the back EMF, torque ripple, and 

average torque value cannot be changed further. 

Therefore, the state XI is selected and fixed in the 

following sensitivity analysis for the flux barriers. 

 
(a) 

 
(b) 

 
(c) 

Fig. 16: (a) Geometrical states, (b) induced back EMF, and 
(c) the motor torque waveforms in terms of design 

parameter, L, for the proposed Flat-type design 
 

In the next step, according to Figure 17, the sensitivity 

analysis is performed to determine effectively the number 

and distances between the barriers on the outer side of the 

permanent magnets. These barriers confine the flux 

produced by the permanent magnet into the air gap 

suitably and prevent it from circulating considerably. 

The distances specified in blue, as shown in Figure 

17, are fixed in any step of sensitivity analysis and have 

the same size. For any specific number of flux barriers, 

the distance between barriers is changed, and the results 

are, then, compared. In the first step, shown in Figure 

17a, the distance is changed for two flux barriers. In the 

second step, shown in Figure 17b, the distance between 

the holes is changed for three flux barriers. Finally, in the 

third step, according to Figure 17c, the distance is 

modified for four barriers. The established torques, in 

these three steps, are compared with each other, and a 4-

hole design with a distance of 1.5 mm from each other is 

selected as the flux barrier design with the highest 

average torque value. The torque waveform in one cycle 

for the selected design is shown in Figure 17d. 
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(b) 

 
(c) 

 
(d) 

Fig. 17: Geometrical view of the proposed Flat-type BLDC 
motor with (a) two, (b) three, (c) four flux barriers and the 

distance, D, between them and(d) selected design torque 
waveform 

 

 
         (a)                                        (b) 

 
         (c)        (d) 

Fig. 18: Flux lines distribution when applying (a) - (b) the 
maximum, and (c) - (d) minimum torque to the rotor of the 

proposed and conventional V-type BLDC motors 
 
 

3.2.3. Analysis and Result comparisons of the 
Conventional and Proposed Flat-Type BLDC 
Motors 
In this section, the performance results and waveforms of 

different analyses for the proposed and conventional Flat-

type BLDC motors are presented and compared in the 

same conditions. First, the distributions of flux lines in 

two proposed and conventional designs are compared. 

Figure 18 depicts the flux lines passing through the rotor 

and stator when the minimum and maximum values of 

the torque are applied to the rotor. Also, the active phases 

in each mode are specified. The flux barriers in the 

structure of the proposed Flat-type rotor change the flux 

path near the air gap and may affect the magnetic field 

stress in some rotor angles. 

Next, in order to make a reasonable comparison 

between both proposed and conventional Flat-type 

designs, the magnetic flux density in all parts of the 

motor is also examined. Figure 19 shows the flux density 

for the minimum and maximum torques in the proposed 

and conventional Flat-type motors. Active phases are also 

specified in each case. The stator in both designs 

approximately experiences the same flux densities, but in 

the rotor, there are some differences near the air gap. 

Moreover, the maximum magnetic flux density of the 

stator is selected to be near the knee point of the core 

magnetic curve. 

 
           (a)             (b) 

 
 (c)                  (d) 

Fig. 19: Magnetic flux density of the proposed and 
conventional motors in the (a,c) maximum and (b,d) 

minimum torque modes 
 
Figure 20 shows the air gap flux density waveforms 

for the proposed and conventional Flat-type designs. 

Figure 20a shows the normal components of the air gap 

flux density in both motors, which seems to be almost the 

same. However, as shown in Figure 20b, the tangential 

components of the air gap flux density are different. As 

seen, the slotting effect in the mentioned components of 
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the proposed design is significantly less than the 

conventional one. Therefore, the difference in the 

tangential air gap flux density waveforms of the proposed 

and conventional design leads to different back EMFs. 

Consequently, the back EMF waveform influences the 

torque ripple, which has less value in the proposed 

design. 

Figure 21 shows the back EMF waveforms of the 

conventional and proposed Flat-type motors. For a 

similar working condition, the back EMF waveform of 

the proposed design is smoother than the conventional 

one. The THD is 15.29% for the proposed design and 

18.97% for the conventional design. It indicates 19.39% 

reduction in the total harmonic distortion of the proposed 

design. Of course, all of the back EMF values in one 

period are not involved in the torque production because 

of the phase commutation.  

 

  
(a) 

 
(b) 

Fig. 20: (a) Normal and (b) tangential air gap flux density 
waveforms for the proposed and conventional V-type BLDC 

motors 

 

 
Fig. 21: Comparison of the back EMF for the proposed and 

conventional Flat-type BLDC motors. 
 

The cogging torque is also analyzed for two 
conventional and proposed Flat-type motors and is shown 
in Figure 22. As seen, the cogging torque in the proposed 
design is slightly higher than the conventional one. 
However, this difference does not have an undesirable 
effects on the total torque ripple. 

 

 
Fig. 22: Comparison of the cogging torque for the proposed 

and conventional Flat-type BLDC motors 
 

 
Fig. 23: Electromagnetic torque waveforms of the proposed 

and conventional Flat-type BLDC motors 
 

 
Fig. 24: Torque ripple for different output powers in the 

proposed and conventional Flat-type BLDC motors. 
 
Figure 23 shows the total electromagnetic torque in the 

proposed and conventional Flat-type designs for the rated 

phase currents. As shown, the torque ripple in the proposed 

design, with 6.91 percent, is less than the conventional one 

with 13.20 percent. This indicates a 47.65% reduction in 

the torque ripple for the proposed design compared with 

the conventional one. The average torques in the proposed 

and conventional designs are 1.085 N.m and 1.079 N.m 

respectively. As a result, the toque ripple reduction in the 
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proposed design has been obtained without considerable 

change in the average torque. 

Figure 24 shows the torque ripple for different output 

power in both conventional and proposed Flat-type 

BLDCs. The average value of the torque for each 

different output power in terms of phase currents is 

constant in both BLDC motors. On the other side, the 

torque ripple in the proposed design is less than the 

conventional one for the outputs near the rated power. 

For example, for 120% of the rated output, the torque 

ripple is 7.26% in the proposed and 13.70% in the 

conventional designs. These values for the rated output 

are about 6.91% and 13.20% respectively. For 80% of the 

rated power, the conventional design has a ripple of 

13.34%, and the proposed design has a ripple of 7.61%. 

 

 
(a)                                                                                                  (b) 

Fig. 25: Torque Ripple of the (a) proposed and (b) conventional Flat-type BLDC motors dependent on different PM 
materials and various output powers 

 

 
                  (a)                                                                                   (b) 

Fig. 26: Average torque value for (a) proposed and (b) conventional Flat-type BLDC motors dependent on different PM 
materials and various output powers 

 
 
In order to finalize the comparison between different 

proposed and conventional Flat-type designs, the ripple 

and average torque values are further analyzed based on 

different PM materials of the rotor and various output 

power. Figure 25 and figure 26 show the torque ripple 

and its average value for both designs. Figure 25a and 

25b depict the torque ripple for the proposed and 

conventional designs respectively. As seen, the torque 

ripple of the proposed design, while using PMs with high 

remanent flux density, is considerably less than the 

conventional one near rated output power. Also, while 

using PMs such as SmCo, the torque ripple is slightly 

lower than the conventional design. Figure 26a and 26b 

show the average value of the torque for the proposed 

and conventional designs respectively. It can clearly be 

seen that the average value of the torque is almost the 

same for both designs. As a result, the proposed Flat- 

type design is very suitable for the applications requiring 

high torque density and the low torque ripple. 

Table 2 summarizes the results obtained from the 

conventional and proposed V- and Flat-type BLDC 

motors. Based on Table 2, both proposed designs have 

lower torque ripple than the conventional ones with the 

same stator structure and magnetic materials. 

Furthermore, the improvement of the torque ripple has 

reached without adverse effect on the other performance 

characteristics such as average torque. 
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Table 2: Torque performance comparison of the proposed 
and conventional designs 

 
Torque 
Ripple 

Torque 
Average 

Conventional V-type 
model 

11.03% 1.071 N.m 

Proposed V-type  
model 

5.13% 1.066 N.m 

Conventional Flat-type 
model 

13.20% 1.079 N.m 

Proposed Flat-type 
model 

6.91% 1.085 N.m 

4. Conclusion 
In this paper, two conventional V- and Flat-type BLDC 

motors have thoroughly been investigated to reduce 

electromagnetic torque ripple. Optimized rotor 

structures are proposed for both types of BLDCs, in 

which the air gap shape is modified, and holes are 

created as flux barriers. Comprehensive evaluations are 

carried out using a finite element method to investigate 

the suitability and the performance of the proposed V- 

and Flat-type structures. By reviewing and examining 

the evaluations, it is clear that the slotting effect on the 

air gap flux density is reduced, and the back EMF 

profile is improved. The results confirm the 

effectiveness of the proposed designs in reducing the 

torque ripple. The proposed and conventional V-type 

designs have torque ripples of 5.13% and 11.03% 

respectively, indicating a 53.49% reduction in the ripple 

of the proposed structure. Similarly, the torque ripples 

for the proposed and conventional flat-type designs are 

6.91% and 13.20% respectively, indicating a 47.65% 

reduction in the ripple. Considering the reduction of the 

torque ripples, the mean value of the torque is almost 

the same in both designs. Many optimization algorithms 

may be used to improve the torque ripple further and 

could be proposed as a future work. As a result, the 

proposed rotor structures are suitable candidates for 

applications requiring low torque ripple. 
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