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ABSTRACT 
As one of the electric machines, Flux-Switching Permanent Magnet machines (FSPMs) have been 

considered by many researchers. Due to the use of low flux densities and low-cost permanent magnets, 

these machines structurally make it easy to provide power densities similar to conventional high-energy-

density PMSMs. Since the structure of flux-switching permanent magnet machines, windings, and 

permanent magnets are located on the machine stator, it can be considered a combination of the switched 

reluctance motor (SRM) and induction generators. Research shows that these machines have high 

power/torque density, better efficiency, and more flux attenuation than PMSM motors. On the other hand, 

the generated cogging torque is higher than other permanent magnet motors due to the interaction of 

stator permanent magnets and rotor teeth. This causes vibration, noise, and machine improper 

performance. The main source of torque ripples in electric machines is cogging torque. Hence, a flux-

switching permanent magnet motor is designed with a low torque ripple in the present study. This study 

aims to reduce cogging torque by different techniques and reduce torque ripple. Necessary simulations 

were performed with MATLAB software, and the proposed design was optimized using the Taguchi 

technique. Finally, the 3D finite element method (FEM) was simulated in ANSOFT Maxwell software, and 

the results were discussed. 

Keywords: Torque, Cogging torque reduction, Torque ripple reduction, Permanent magnetic machines, 

Flux-Switching machines, Optimization, Analytical models. 
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1. Introduction 

        Environmental pollution and weather changes are some of the hugest challenges of our generation. 

Because the role of environmental pollution goes beyond the working range of environmental activists and 

directly affects people's lives. In order to impose environmental limitations, the use of electric and hybrid 

vehicles is constantly increasing, and their use has been encouraged by governments [1,2]. The electric 

machines require the design of structures with features such as high torque at low speed, high power density, 

high strength, fast torque response, low torque ripple and noise, high reliability, constant power at high 

speeds, and reasonable cost [3]. On the other hand, magnet-drive brushless machines have been widely 

developed due to the significant success of permanent magnet materials and power electronic components. 

Recently, permanent magnet machines with coils and magnets on their stators have been considered by 

designers due to their unique characteristics such as high strength, high power density, high efficiency, etc. 

[4]. Flux-Switching Permanent Magnet machines (FSPMs) are a promising option to replace Permanent 

Magnet Synchronous Machine (PMSM). The advantages of these machines are rotor strength, excellent 

controllability, smooth torque vibrations, high-density torque production, and higher efficiency. 

Furthermore, these machines are suitable for applied programs and operation in severe environmental 

conditions such as wind generators, in which strength is very important [5]. Meanwhile, torque oscillations 

and torque ripple control for these machines have been one of the main topics in recent research. Because 

these machines usually have a relatively high torque ripple compared to other conventional brushless 

permanent magnet machines. In general, three main sources are mentioned in various sources that lead to 

unwanted torque oscillations, which are: (i) cogging torque due to interactions between the permanent 

magnet and the gaps of stator and core rotor (ii) harmonics in the waveform of phase back Electro Motive 

Force (EMF) due to concentrated windings and armature currents attention to the Pulse Width Modulation 

(PWM), and (iii) variable reluctance torque attention to changes in Dq-axes components in front of the rotor 

position [6,7]. Meanwhile, cogging torque is the reason for torque ripple, and many scientists have tried to 

study the relationship between cogging torque and torque ripple with analytical and numerical solving [8]. 

Flux switching machines and their application in hybrid machines are very clear today. Hence, many articles 

have studied and designed these machines. The flux switching machine presented in the literature [9] has a 

structure of 6 stator slots and eight rotor poles (6S-8P). The proposed design for the motor is based on 2D 

finite element analysis. This study showed that this machine has a better performance and produces more 

torque and power than a permanent pole synchronous motor. In the literature [10], two different structures 

of flux switching machines, 12S-10P and 12S-14P in FEFSM type, are studied by applying external drive 

on the rotor and the characteristics of cogging torque flux distribution, coupling flux, and winding 

arrangement. The mentioned motor has a more complex structure than the internal drive on the rotor but 

with fewer losses. In addition, it does not require a permanent pole, which reduces costs. Several articles 

mention flux-switching permanent magnet machines suffer from relatively high cogging torque due to the 

prominent pole structure and high air gap flux density, which causes torque ripple, noise, and vibration, 

especially at high speeds. In order to improve the performance of these machines, several methods have 

been described in foreign articles. Gathe Dupas et al. proposed a new structure in their paper for hybrid 

drive in flux-switching machines. The feature of this machine is the components of the drive coil that create 

a 3D drive flux to control the air gap. In the present paper, a 3D finite element analysis is performed and 

compared with experimental results. The present model makes it possible to show the active flux route, 

discover the chargeability of a new structure and determine the effect of material properties [11]. In their 

paper for DC-drive flux switching machines, Y. Tang et al. proposed a topology to improve the magnetic 

field weakness in these machines. The machine proposed in the present study maintained the structure of 

conventional flux switching machines and used DC coils instead of permanent magnets, which improves 

torque [12]. In other studies, various methods are expressed for reducing cogging torque, such as pole-

notching rotor [13], pole flange rotor [14], combined techniques (inner-inner and bridge outer-outer stator 

lamination) [15]. 12S-7P and 6S-14P models from FSPM with an overlapping winding configuration are 

also proposed due to having a very high torque density compared to non-overlapping windings in attention 

to the degree factor correction. Furthermore, the overlapping winding configuration performed in 
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permanent magnet rotor machines can also minimize the effects of noise and harmonics [16]. Due to the 

unique structure of flux-switching permanent magnet machines and the interaction of stator permanent 

magnets and rotor teeth, the cogging torque generated is higher than other permanent magnet motors. This 

increases torque ripple and leads to vibration, noise, and car poor performance. The main factor in 

generating cogging torque is the energy change in the motor when the rotor is rotating. Cogging torque is 

generated even when there is no current in the windings. Proper design of the machine structure reduces 

vibration and noise of flux-switching permanent magnet machines, improves machine performance, and 

increases machine strength, power, and efficiency. This study has attempted to provide a design algorithm 

for flux-switching permanent magnet machines to design a machine sample with a low torque ripple. This 

paper aims to reduce cogging torque with various techniques to reduce torque ripple. To continue, the 

designed machine is simulated and validated first in MATLAB software and then through finite element 

method in ANSOFT Maxwell environment, which is one of the most accurate and reliable methods of 

analyzing electric machines, and the results are analyzed. 

 

2. Materials and methods 

      In an analytical method [17], cogging torque is calculated using the following Equation: 

 

Eq. 1. 
   

 

 

Where, W is the energy stored in the air gap, and α 

is the angle of the rotor location. 

 

In order to simplify this method, the following items are considered: 

i. The iron core permeability is assumed to be infinite. 

ii. The permanent magnet leakage flux is ignored. 

iii. Magnetic flux changes are considered in the radial direction. 

 

Using Fourier analysis, Eq. 1 is obtained as follows: 

 

Eq. 2. 

  
 

The Fourier series coefficients are as follows: 

 

 
 

Using Fig. 1d, the high air-gap flux density can be represented as Fourier series in Equation 3. 

 

Eq. 3 

                                                                                  

 

 

To reduce the amount of cogging torque, there are different methods 

such as rotor tooth-notching, rotor tooth-chamfering, rotor-skewing, etc., which rotor-skewing method is 

used in this study to reduce cogging torque. 

Cogging torque is obtained as follows: 
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Eq. 4 

                                                                       
 

  Eq. 5 

 
 

According to Equation 4, the effective parameters in calculating cogging torque are θst, θpm, θsk, Nr, and NS. 

According to the effective parameters in the cogging torque Equation, the changes related to each parameter 

are given in MATLAB software in the following. According to Equation 4, different methods for reducing 

cogging torque are presented in the paper. Next, the simulation and code will be performed in MATLAB, 

and related graphs will be displayed. In this research, four types of flux-switching permanent magnet motors 

are used. In all the motors, the number of stator slots was 12, and the number of rotor slots was considered 

10, 14, 16, and 20. Although the Least Common Multiple (LCM) values for two machines with the number 

of rotor slots of 10 and 20 are equal to 60, due to the difference in the Greatest Common Divisor (GCD) 

values for the number of stator slot and rotor, the cogging torque range in them is different. 

 

Optimal Skewing Factor (θsk): Values of θsk which lead to the minimum Equation 4, when 𝑠𝑖𝑛
𝑚𝑁𝑟 𝜃𝑠𝑘

2
= 0 

Rotor Tooth Width (θrt): Values of θrt which lead to the minimum cogging torque Equation when we set 

sine section in the cogging torque Equation (Equation 4) containing θrt equal to zero. 

Stator Tooth Width (θst): Values of θst which lead to the minimum cogging torque Equation when we set 

sine section in the cogging torque Equation (Equation 4) containing θst equal to zero. 

Magnet Thickness: Values of θpm which lead to the minimum cogging torque Equation when we set sine 

section in the cogging torque Equation (Equation 4) containing θpm equal to zero. 

 

Cogging torque reduction based on asymmetric MMF distribution 

If the stator teeth are asymmetric, it can be obtained from the following Equation. 

 

Eq. 6 

  

 

       

Where 

 

Eq. 7 
 

    

 

 

 

Asymmetric Stator Slot (ASS) 

In this method, cogging torque reduction is converted to the following Equation. 
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Eq. 8 

    

 

 

Where 

 

Eq. 9 

    

 

 

    

Cogging torque reduction based on 

asymmetric magnetic permeance distribution 

 

Rotor with asymmetric slot  
       The magnetic permeability graph of the rotor relative to the location of the Fourier series rotor. The 

magnetic permeability is obtained from Equation 9. 

 

Eq. 10 

 
 

 
 

Using Equation 10 and placing it in Equation 4, the magnetic torque Equation based on the rotor asymmetric 

slot model will be obtained. 

 

Meshing: After drawing the motor geometry, its various components will mesh. In order to mesh the motor 

structure, each of its components is separately selected. Then, the appropriate mesh for it will be defined 

according to the available tools in the software. The desired motor mesh is shown in Fig.1. 
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Fig.1. Meshing of flux-switching motor 

      The available tool in MAXWELL was used to draw the desired motors in the software. The drawing is 

automatically done in this tool by selecting the appropriate model and entering the motor information. The 

magnet used in the motors is made of Neodymium 35. The driving of the flux-switching motor is defined 

as three balanced sine sources with a phase difference of 120°. To calculate motor torque in the present 

investigation, motor windings are driven by a current rating or a voltage rating, and the speed rating of the 

rotor is defined. The torque that is read in the output in this state is called torque rating. In order to optimize, 

first, the dimension of the motor structure is selected as a parameter, and the best state is determined by 

changing this parameter and studying the motor behavior in terms of selected parameter changes. The 

selected optimization algorithm is Taguchi. 

 

Determining of optimization variables and constraints 

      The optimization variables are first determined before optimizing the motor. These parameters for the 

motor include rotor skewing factor (θsk), rotor tooth width (θrt), stator tooth width (θst), and magnet thickness 

(θpm). In the next step, each of the mentioned parameters will change in levels, and the motor behavior will 

be studied in terms of these changes. The levels considered for the desired parameters are listed in Table 1. 

 

Table 1. Changes levels for motor parameters 
Level 4 Level 3 Level 2 Level 1 12/10 

19 18 12.3 6.3 𝜃𝑠𝑘 

7 6.8 4.7 1.7 𝜃𝑟𝑡 

9 8 1.7 0.23 𝜃𝑠𝑡  

10.27 9.7 1.1 0.87 𝜃𝑝𝑚 

Level 4 Level 3 Level 2 Level 1 12/14 
13 8 6 4 𝜃𝑠𝑘 

6.7 6.14 4 1.8 𝜃𝑟𝑡 

8 7.3 4 3.4 𝜃𝑠𝑡  

10 9.8 3.4 1.26 𝜃𝑝𝑚 

 

 

Steps of Taguchi technique 

      Taguchi technique corresponding to parameters and levels are shown in Table 2. 16 experiments have 

been proposed in the Taguchi technique according to the number of levels and parameters. In total, 44 

different experiments are possible, reduced to 16 experiments using the Taguchi technique. The numbers 

shown in Table 2 indicate the desired parameter level. For example, the first line represents A1B1C1D1, 
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which indicates that the first level values are selected for the parameters in the first experiment, and the 

motor outputs are calculated. 

Table 2. Taguchi experiments combination 

𝜽𝒑𝒎 𝜽𝒔𝒕 𝜽𝒓𝒕 𝜽𝒔𝒌 

             

1 1 1 1 1 

2 2 2 1 2 

3 3 3 1 3 

4 4 4 1 4 

3 2 1 2 5 

4 1 2 2 6 

1 4 3 2 7 

2 3 4 2 8 

4 3 1 3 9 

3 4 2 3 10 

2 1 3 3 11 

1 2 4 3 12 

2 4 1 4 13 

1 3 2 4 14 

4 2 3 4 15 

3 1 4 4 16 

 

3. Results 

The flux density of the motor structure 

     The flux density distribution and the motor flux path with a structure of 12/10 are shown in Fig. 2. It can 

be observed that the flux density for the stator hot spot is about 3.145 T, which corresponds to the sharp 

points. Furthermore, it is observed that the core flux density is about 1.6 T, which is less than the core 

saturation value. According to Fig. 2b, it can be observed that the flux density for the stator hot spot is about 

3.284 T, which corresponds to the sharp points. Furthermore, it is observed that the core flux density is 

about 1.6 T, which is less than the core saturation value. 

 
Fig. 2. Flux density of motor with a structure of (a) 12/10 and (b) 12/14 

 

 

 

 

Parameter 

 
Examination 
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Investigation of the simulation results 

Test results for the flux-switching motor with a structure of 12/10  

      Using the results of experiments designed by the Taguchi technique and after analyzing the experiment 

results, the optimal combination of factors levels and torque values at the optimal point is calculated. 

According to the obtained optimal point, the required corrections to reach the optimal point are made, and 

the simulation results are compared with the results obtained by the Taguchi technique. The results of 

different experiments are given in Table 3. In the next step, each level effect must be separately calculated. 

For example, to calculate the effect of the first level of the parameter of θsk (θsk1), the average of experiments 

of 1, 2, 3, and 4 must be calculated. By drawing the output graph for different levels of each parameter, Fig. 

3a is obtained. According to Fig. 3, the best combination for the optimal air gap flux density mode is (θpm3, 

θst3, θrt4, θsk2). In addition, according to Table 3, the best combination for the optimal cogging torque state 

is the state (θpm1, θst1, θrt1, θsk3). Thus, the final levels will be (θpm3, θst4, θrt4, θsk4). 

 

 

Table 3.  Results of Taguchi different experiments 

Cogging torque (N.m) Air gap flux density (T) Experiment 

50 
0.029 

1 

1.596 0.736 2 

1.338645 1.084 3 

1.3965 1.367 4 

0.464835 1.515 5 

0.835905 1 6 

0.13965 0.074 7 

1.198995 1.453 8 

0.00001995 0.93 9 

1.995 0.987 10 

0.00000000049875 0.27 11 

0.02394 0.062 12 

0.0596505 0.17 13 

0.01995 0.91 14 

1.50024 0.4 15 

0.560595 0.774 16 

0.696243778 0.735063 Average 
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(a) 

 
(b) 

Fig. 3. (a) The effect of factor levels on the air gap flux density (b) the effect of factor levels on 

cogging torque 

 

Test results for the flux-switching motor with a structure of 12/14  

      Following a similar pattern as before, the simulation results of different experiments are listed in Table 

4. By drawing the output graph for different levels of each parameter, we reach Fig. 4. According to Fig. 

4a, the best combination for the optimal state of air gap flux density is (θpm3, θst3, θrt2, θsk2). In addition, 

according to Fig. 4b, the best combination for the optimal cogging torque state is (θpm1, θst4, θrt3, θsk4). 

According to these two optimal states, it is observed that there is no common state, so in this state, the effect 

of each parameter on the cogging torque and air gap flux density must be calculated. Similar to the previous 

state, we consider the fourth level for the curvature angle of the rotor (θsk4). As air gap flux density 

decreases, we will compensate for this decline by selecting the appropriate levels for the other parameters. 

Thus, the final levels will be (θpm3, θst3, θrt2, θsk4). 
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Table 4. Results of different experiments 
Cogging torque (N.m) Air gap flux density (T)  

Experiment 

0.04268544 0.029 1 

0.5 0.736 2 

0.6 1.084 3 

0.37632 1.367 4 

0.849408 1.515 5 

0.999936 1 6 

0.056448 0.074 7 

0.6461952 1.1 8 

0.193536 0.93 9 

0.2591232 0.987 10 

0.2053632 0.27 11 

0.04053504 0.062 12 

0.04655616 0.17 13 

0.008580096 0.91 14 

0.03462144 0.4 15 

0.09010176 0.774 16 

0/309338096 0.713 Average 

 

  

 
(a) 

 
(b) 

Fig. 4. (a) The effect of factor levels on the air gap flux density (b) The effect of factor levels on 

cogging torque 
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Optimization results 

Cogging torque graph, torque, and air gap flux density in two different states for 12/10 motor 

      The motor cogging torque in the initial and optimized state is shown in Fig. 5a. The cogging torque in 

the optimal state is about 1.4 N.m less than the initial state. It means that the cogging torque is reduced by 

about 51%. On the other hand, we know that the skewing of the rotor reduces the motor performance. 

Hence, in addition to the cogging torque, the motor air gap flux density is compared in two states, as shown 

in Fig. 5b. It is observed in this figure that despite the changes in the motor structure, the motor air gap flux 

density has been almost unchanged. 

Furthermore, the B-EMF of the motor in this state is as shown in Fig. 5c. In this state, the maximum voltage 

is about 10 V lower than the previous state, whereas the harmonics have decreased. Finally, the torque 

curve of the optimized motor by the main motor is shown in Fig. 5d. By comparing these two figures, it 

can be seen that the torque ripple has improved.  

 
(a) 

 
(b) 
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(c) 

 
(d) 

Fig. 5. (a) Cogging torque graph in the two initial and final states for a structure of 12.10 (b) Air 

gap flux density in the two states (c) B-EMF in the optimal state, and (d) Comparison of the optimal 

motor torque with the main motor torque 

 

Cogging torque graph, torque, and air gap flux density in two different states for 12/14 motor 

      The motor cogging torque in the initial and optimized state is shown in Fig. 6a. As shown, the cogging 

torque in the optimal state is about 0.4 N.m less than the initial state. It means that the cogging torque is 

reduced by about 55%. The motor air gap flux density in this structure is similar to the previous structure, 

shown in Fig. 6b. Furthermore, the B-EMF of the motor in this state is shown in Fig. 6c. It can be observed 

that harmonics are decreased in this state. Finally, the optimized motor torque curve by the main motor is 

shown in Fig. 6d. By comparing these two figures, it can be found that the torque ripple has improved. 
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(a) 

 
(b) 

 
(c) 
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(d) 

Fig. 6. (a) Cogging torque graph in the two initial and final states for a structure of 12.14 (b) Air 

gap flux density in the two states (c) B-EMF in the optimal state, and (d) Comparison of the optimal 

motor torque with the main motor torque 

 

4. Conclusions 

       One of the methods for reducing cogging torque and torque ripple is rotor skewing. Simulation using 

the 3D finite element method is more accurate but slower than 2D. Hence, the 2D or 3D finite element 

method can be chosen depending on the importance of simulation accuracy and speed. In the present 

investigation, we preferred accuracy to speed and used the 3D finite element method to simulate the optimal 

motor.  The Taguchi technique is one of the best techniques to get an optimal compound for a motor and 

reach the optimal point. According to the studies and compare the test results on the cogging torque of the 

motor in the initial and optimal state, the cogging torque in the optimal state for the motor with a structure 

of 12/10 was about 1.4 N.m and for the motor with a structure of 12/14 was about 0.4 N.m less than the 

initial state. It means that the cogging torque is reduced by about 51% for a structure of 12/10 and by about 

55% for 12/14. Skewing the rotor reduces the motor performance. Hence, in addition to the cogging torque, 

the motor air gap flux density was calculated in both initial and optimal states, and it was observed that 

despite the changes in the motor structure, the motor air gap flux density for both structures of 12/10 and 

12/14 was unchanged. Furthermore, the B-EMF of the motor was calculated in both initial and optimal 

states in which the maximum voltage for both motor structures of 12/10 and 12/14 was about 10 V lower 

than the initial state, whereas the harmonics were decreased. Finally, the torque curve of the optimized 

motor is calculated by the initial motor, and it was observed that the torque ripple has improved . 
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