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A Novel Flux Switching Claw Pole Machine 

with Soft Magnetic Composite Cores 

 

Abstract. This paper proposes a novel flux switching claw pole machine (FSCPM) with soft magnetic composite (SMC) 

cores. The proposed FSCPM holds advantages of the conventional flux switching permanent magnet machine (FSPMM) and 

claw pole machine (CPM) with SMC cores. As permanent magnets are installed between the stator claw pole teeth, FSCPM 

has good flux concentrating ability, and the air gap flux density can be significantly improved. The torque coefficient of 

FSCPM is relatively high due to the applied claw pole teeth and global winding. FSCPM is mechanically robust because 

there are no windings or PMs on its rotor. Moreover, the core loss of FSCPM is relatively low for the SMC material has 

lower core loss at high frequency compared with silicon steels. The topology and operational principle of FSCPM are 

explained first. Several main dimensions of the machine are optimized to achieve better performance, based on 3D finite 

element method (FEM). Furthermore, the rotor skewing technology is adopted to reduce the cogging torque and torque ripple. 

 

Keywords：Flux switching claw pole machine (FSCPM), soft magnetic composite (SMC), flux concentrating, cogging 

torque, torque ripple. 

 

1. Introduction 

Due to the merits of high torque ability and robust mechanical structure, flux switching permanent magnet 

machine (FSPMM), as a relatively new type of permanent magnet (PM) machine, has been used in many high-

performance applications, including electric vehicles [1-4]. Extensive research work has been done to improve 

the performance of FSPMMs. C-core, E-core, multi-tooth stator core have been investigated to improve the 

torque coefficient and reduce the torque ripple. Hybrid excitation configuration has been presented to improve 

its constant power range speed, and multi-phase structure has been proposed to improve its fault tolerant ability 

[5-10]. Moreover, various optimization methods, like system level and multilevel optimization methods [11], 

have been employed to maximize the output power (or average torque) and minimize the torque ripple for 

different applications, including electric vehicles [12-15].   

Claw pole machine (CPM) is a special kind of transverse flux machine (TFM). Compared with TFM, CPM 

can have higher torque ability and power factor, as the adopted claw pole teeth can help CPM use more PM 

fluxes and reduce the flux leakage [16]. However, CPM has a complex structure, which makes it difficult for 

manufacturing. With the development of soft magnetic composite (SMC) material, the manufacturing process of 

CPM with SMC cores can be much easier by using molding technology, for example, by using a hot press [17-

20]. SMC material is a relatively new kind of soft magnetic materials. With the small iron particle enclosed by 

insulation layer, SMC material can have a great number of advantages when compared with the other traditional 

soft magnet materials, e.g. silicon steels. Firstly, the core loss of SMC material at high frequency is very low. 

Secondly, SMC material has the advantages of magnetic and thermal isotropy. Thirdly, the production cost of 

the SMC cores is low by using molding technology in batch production [21]. In the past decades, the 

performance of SMC material has been improved greatly. Various kinds of electromagnetic devices with SMC 

cores have been developed [22-26]. In the design of electrical machines with SMC cores, some useful guidelines 

have been concluded. In many situations, the machines need to be designed with 3-D magnetic flux, high 

operation frequency and PM excitation [16]. Furthermore, many design optimization models and methods, like 

robust design optimization, have been investigated to achieve high manufacture quality of PM motors by using 

low cost of SMC cores, which can improve the industry application of this kind of motor [27-29].  

In this paper, to make full use of the merits and structure characteristic of both CPM and FSPMM, a novel 

flux switching claw pole machine (FSCPM) with SMC cores is proposed. The proposed FSCPM can have high 

torque ability due to the following reasons. First, the 3D magnetic flux and global winding bring the machine 

with high torque coefficient and the special PM structure can form good flux concentration structure to improve 

the air gap flux density. Second, the FSCPM can be operated robustly as there are no windings or PMs on the 

rotor. Third, the efficiency of FSCPM can be high as the SMC material has lower core loss at high frequency.  



 
 

 

The structure of this paper is organized as follows. Section II describes the topology and operational principle 

of FSCPM. Section III presents the finite element analysis for FSCPM. 3D finite element model (FEM) is used 

for the parameter calculation and performance analysis in this paper. Section IV investigates the optimization of 

the main parameters in FSCPM. Parameter and performance analysis of FSCPM are conducted in sections V and 

VI, respectively. In section VII, the cogging torque and torque ripple of FSCPM are reduced by using the rotor 

skewing method, followed by the conclusion. 

 

Fig. 1. Topology of FSCPM (single phase) 

2. Topology and Operational Principle of FSCPM 

The main electromagnetic structure of a single phase FSCPM is illustrated in Fig. 1. The complete FSCPM is 

composed of three single phase modules arranged along axial direction. Each module is shifted with a 

determined degree to form symmetrical three phase operation. It can be seen that all the PMs and winding are 

placed on the stator, and there are no windings or PMs on the rotor. The PMs are inserted in between of stator 

claw pole teeth, and all the PMs are magnetized along the circumferential direction. Moreover, the adjacent PMs 

are magnetized along the opposite direction. The number of PMs is equal to the number of rotor poles. Different 

from traditional CPM, the number of pole pairs of FSCPM equals to the number of poles, which will make the 

operational frequency of FSCPM two times higher than that of traditional CPM with the same number of stator 

claw poles.  



 

 

 

Fig. 2 Operational principle of FSCPM, (a) main magnetic flux path at 0 degree, (b) main magnetic flux path at 7.5 degrees, (c) main magnetic 
flux path at 15 degrees, (d) main magnetic flux path at 22.5 degrees, and (e) PM flux linkage of FSCPM at different rotor positions 

 

For the single phase FSCPM, its operational principle is similar to that of a single phase FSPMM. The main 

difference is that the magnetic flux path of FSCPM is more complex. The PM flux path of a FSCPM at four 

typical rotor positions is illustrated in Fig. 2. As shown in Fig. 2(a), the PM flux starts from PMs then enters into 

stator claw pole teeth and arrives at rotor pole via air gap. The PM flux will go back to PM through rotor yoke, 

rotor pole, air gap and stator claw pole teeth on the adjacent side, and thus to form a closed loop. As the main 

PM flux will not enter stator yoke, there is no PM flux that the winding can be linked. Thus, the PM flux is zero 

at this position. In Fig. 2(b), starting from PM, the PM flux enters into stator yoke and through stator wall and 

stator claw pole teeth, then it will arrive at rotor pole via air gap. After that, it passes rotor yoke to go to adjacent 

rotor pole and arrives at adjacent stator claw pole teeth, stator wall and stator yoke, and then goes back to the 

PM via the air gap. At this position, the PM flux can be linked by the winding, and thus the PM flux for the 

winding can achieve maximum. Figs. 2(c) and (d) show the PM flux of FSCPM at the other two typical rotor 

positions. Fig. 2(e) shows the PM flux linkage waveform of FSCPM with the variation of rotor positions. It can 

be seen that the PM flux linkage of FSCPM is zero when the main PM flux does not pass the stator yoke. 



 
 

 

 

Fig. 3 Main dimensions of FSCPM 

 

Fig. 3 shows the main dimensions of FSCPM. The electromagnetic torque of FSCPM can be expressed as 
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where L1 is the effective axial length for one phase model, m the number of phases, Bs the stator tooth length in 

the axial direction, Rso the stator outer radius, Rsi the stator inner radius, hsy the length of stator yoke, hp the 

thickness of stator claw pole, Ns the number of stator poles, Ksp the ratio of stator tooth width to pole arc, Kc the 

winding factor, Kd the flux leakage coefficient, Bg the air gap flux density, and ksf the slot fill factor. 

Based on (1), when the following conditions are met, 
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the electromagnetic torque reaches its maximum, and has the form as, 

2 2
( )

18

CTT L R J
em ro m

                                    (5) 

In this paper, the outer dimensions of FSCPM are the same as those of the CPM with SMC core discussed in 

[15], where the outer radius of stator equals 33.5 mm, and effective axial length for per stack is 18.2 mm. To 

ensure that the PM and stator claw pole can have enough mechanical strength, the thicknesses of stator yoke, 

stator claw pole and magnet are designed as 3 mm. Therefore, the initial thickness of stator wall can be 

calculated as 4.55 mm, and outer radius of stator core can be calculated as 13.75 mm, depending on above 

equations. 

3. FEM Analysis 

Considering that the permeability of SMC material is not very high, generally lower than 700, and the 

magnetic flux path of FSCPM is very complex, 3D FEM is an effective way to obtain accurate magnetic 



 

 

parameters and performance. In this paper, the commercial FEM software MAXWELL 3D is adopted for the 

FEM analysis. The mesh of FSCPM is shown in Fig. 4. 

 

Fig. 4. A mesh of FSCPM 

Fig. 5 shows the no load flux density distributions of FSCPM at four typical rotor positions. It can be seen that 

the no load magnetic flux density distributed on the stator claw pole teeth is very high and it is close to 1.5 T as 

the adopted good flux concentration structure. 

As shown in Fig. 2(a), at the rotor position of 0 degree, the flux density on the right claw pole wall equals that 

on the left claw pole wall. As the main magnetic flux path will form a closed loop through the stator claw pole, 

air gap and rotor core, the main PM flux will not enter the stator yoke, as shown in Fig. 5(a). At the rotor 

position of 7.5 degrees, the flux density on the left claw pole wall is lower than that of right claw pole, the main 

PM flux will form a closed loop through the right claw pole teeth, stator yoke, and the claw pole teeth on the 

other side with the rotor cores, as shown in Fig. 5(b). At the rotor position of 15 degrees, the flux density on the 

left claw pole equals that of right claw pole as shown in Fig. 5(c). At the rotor position of 22.5 degrees, the flux 

density on the left claw pole wall is higher than that of right claw pole wall. Fig. 6 illustrates the air gap flux 

density distribution of FSCPM. As shown, the air gap flux density is about 0.75 T. It can be seen that the 

effective air gap flux density under the stator claw pole is nearly the half as that in a conventional CPM. Thus, 

the PM flux linkage of the FSCPM will be lower than that of a conventional CPM. 

 



 
 

 

 

Fig. 5. Typical no load flux density distributions of FSCPM at different rotor positions, (a) 0 degree, (b) 7.5 degrees, (c) 15 degrees, and (d) 22.5 
degrees. 

 

Fig. 6. Air gap flux density of FSCPM at four typical rotor positions 

4. Design Optimization of FSCPM 

This section investigates an optimization procedure to improve the performance of the proposed FSCPM. 

Considering that the used magnetic material is nonlinear and the complex magnetic flux path of FSCPM, 3D 

FEM is used to optimize several main dimensions. The stator inner radius and thickness of stator wall are critical 

to the motor performance, as they balance the magnetic load and electric load. By using the deduced torque 

equations, the initial values of these two parameters can be obtained. Then, combined with our design 

experience on CPM with SMC cores, the optimization region of the stator inner radius can be determined, i.e. 

from 20 mm to 23 mm. Similarly, the optimization region of the thickness of stator wall is determined from 4 

mm to 7 mm. Fig. 7 illustrates the torque and core loss of FSCPM with these design parameters. As shown, the 

torque decreases with the increase of thickness of stator wall, and the torque will reach its minimum when the 

stator inner radius equals 22.5 mm. As for the core loss, it decreases with the increase of stator inner radius and 

stator wall thickness. For the overall consideration, the stator inner radius and wall thickness are chosen as 22 

and 4 mm, respectively.  

In the PM machine, the thickness of PM is a very important parameter because it determines the load line of 

PM. In the proposed FSCPM, the thickness of PM is optimized as well. The parameter of anglepm1 is defined as 



 

 

the angle of PM close to the inner stator radius. It is close to the inner radius of stator core, and it will balance 

the stator claw pole teeth and PM.  If it is too large, the space for the stator claw pole teeth will be narrowed, and 

if it is too small, PMs cannot produce enough magnetic strength for the FSPMM. Fig. 8 shows the torque and 

core loss variations in terms of anglepm1 and anglepm2, where anglepm2 defined as the angle of PM close to 

the outer stator radius as illustrated in Fig. 3. Considering that the constrict of machine structure, the optimal 

region of anglepm1 is selected from 5 to 8 degrees, and that of anglepm2 is selected from 3 to 8  degrees. It can 

be seen that the EM torque of FSCPM can be achieved when the anglepm1 equals 8 degrees and anglepm2 

equals 4 degrees. However, for the overall consideration, the final anglepm2 is determined as 5 degrees for 

achieving lower core loss. After this optimization procedure, Table I tabulates the main parameters and 

dimension of the proposed FSCPM. 

 

(a) 

 

(b) 

Fig. 7. Motor performance in terms of stator inner radius and stator wall thickness, (a) torque, and (b) core loss 



 
 

 

 

(a) 

 

(b) 

Fig. 8. Motor performance in terms of permanent magnet parameters, (a) torque, and (b) core loss 

 

Table I. Main parameters and dimension of the proposed FSCPM 

Parameter Symbol Value Unit 

Stator outer radius Rso 33.5 mm 

Stator inner radius Rsi 22 mm 

Axial length per stack L1 18.2 mm 

Thickness of stator wall Bs 4 mm 

Thickness of stator claw pole Hp 3 mm 

Thickness of stator yoke Hsy 3 mm 

Angle of stator claw pole include 

PM 

Anglecp 22 deg 

Angle of PM close to outer radius Anglewpm1 8 deg 

Angle of PM close to inner radius Anglewpm2 5 deg 

Air gap length g1 0.5 mm 



 

 

Angle of rotor teeth Anglert 11 deg 

length of rotor teeth hrt 4 mm 

Rotor inner radius Rri 11.5 mm 

Number of winding turns Ncoil 50  

Stator core material SMOLAY 500TM 

PM material Br=1.15 T, μr= 1.05 

 

5. Parameter Analysis of FSCPM 

The PM flux per turn of FSCPM is obtained by using the 3D FEM, as shown in Fig. 9. It can be seen that the 

amplitude of PM flux linkage per turn is about 0.14 mWb. A whole electric period is 30 degrees, which can be 

used to verify the above theoretical analysis results. When the rotor is rotated at speed of 1800 rpm, the back 

electromotive force (EMF) per winding of FSCPM can be calculated, as shown in Fig. 10. It can be seen that the 

waveform of the back EMF is close to sinusoidal waveform and its magnitude is about 20 V. However, it has a 

great number of high order harmonics as illustrated in Fig. 10(b). Fig. 11 shows the calculated inductance with 

the variation of rotor positions. As shown, the variation of inductance at the different rotor positions is not too 

larger. The average inductance is about 0.8 μH. Due to the difference of d-axis inductance and q-axis inductance 

is not big, the condition of d-axis current equals zero is adopted for the performance analysis of FSCPM in this 

work. 

 

Fig. 9 PM flux linkage of the FSCPM 

 

(a) 



 
 

 

 

(b) 

Fig. 10. Back EMF wavefoems of FSCPM, (a) waveform, and (b) harmonic analysis 

 

Fig. 11. Inductance of the FSCPM 

Cogging torque is resulted by the interaction of PMs, stator slots and rotor slots, which can bring torque ripple, 

vibration, noise, and affect the machine dynamic performance. The co-energy method is used for the calculation 

of cogging torque. After obtaining cogging torque of single phase FSCPM, the three cogging torque waveforms 

of different phases are compared in Fig. 12. As shown, the magnitude of a single phase cogging torque is about 

0.3 Nm while the magnitude is about 0.25 Nm for three phase cogging torque. It can be seen that the main order 

for one phase cogging torque is the 2 times one, and the main order for three phase cogging torque is the 6 times 

one, which can be verified by using the harmonics order analysis method. For the cogging torque reduction, the 

6th order harmonic cogging torque needs to be reduced at first, since it is the main component among the 

cogging torque. 

 



 

 

 

Fig. 12. Cogging torque of FSCPM 

6. Performance Analysis 

The torque, power factor, and loss are essential to evaluate the performance of PM machines. To calculate 

motor performance, the d-axis current equals zero is adopted, as there is no reluctance torque and only the PM 

torque works. Fig. 13 shows the EM torque at the rated state with the variation of rotor position. Similar to the 

calculation method for cogging torque, the overall torque is obtained by adding three different phase 

electromagnetic torque together. It can be seen that the average torque is about 0.7 Nm, and the peak to peak 

torque is nearly 0.6 Nm which is almost equal to the cogging torque. When compared the electromagnetic torque 

waveform and cogging torque waveform, it can be seen that the main torque ripple is resulted by the cogging 

torque. And the cogging torque needs to be reduced for achieving low ripple output torque. Fig. 14 shows the 

electromagnetic torque with the variation of current density. As shown, the relationship between the 

electromagnetic torque and current density is linear. Therefore, it has the potential to be used in the high-

performance application with higher current density. Fig. 15 shows the power factor of the FSCPM. As shown, 

the power factor decreases with the increase of the torque. The power factor is about 0.6 at the rated state, which 

is much higher than that of a conventional CPM with SMC cores. 

 

Fig. 13. EM torque of FSCPM at the rated state 



 
 

 

 

Fig. 14. EM torque of FSCPM with variation of current density 

 

Fig. 15 Power factor of the FSCPM 

 

Because of the high working frequency of FSCPM developed in this paper, the accurate performance analysis 

depends on the accurate core loss analysis. For the core loss analysis in FSCPM, the effect of rotational core loss 

should be considered. In this paper, the core loss loop for some typical parts in the stator claw pole are 

calculated. The coefficients of accurate core loss calculation results to alternating core loss calculation results 

has been obtained. Then, these coefficients are adopted for quick core loss calculation. By changing the speed 

and applied current density, the core loss with variation of torque and speed is illustrated in Fig. 16. In the PM 

machines, the maximum torque is determined by the maximum applied current below the rated speed, and above 

the rated speed. The DC voltage determines how high the torque and the power of FSCPM that can achieved. 

Fig. 17 shows the DC voltage map of FSCPM with the variation of torque and speed. Efficiency map can show 

accurate operation state of FSCPM, it can show the efficiency at different operation state. To obtain the 

efficiency map, the efficiency at different states should be calculated first. The core loss has obtained in Fig. 16. 

It can be seen that the maximum efficiency is located above the speed of 1000 rpm and between the torque of 

0.3 Nm to 0.95 Nm. The maximum efficiency is about 0.85. 



 

 

 

Fig. 16 Core loss with variation of speed and torque 

 

Fig. 17 Voltage with variation of speed and torque 

 

Fig. 18 Efficiency with variation of speed and torque 

7. Cogging Torque Minimization 

Since the cogging torque can bring a great number of drawbacks to PM machines. The cogging torque of 

FSCPM is quite high as illustrated in Fig. 12. Thus, it is necessary to reduce the cogging torque. For the cogging 

torque reduction, there are many methods, such as the combination of number of stator slots and rotor poles, 

rotor pole pairing, and rotor pole skewing. In this paper, as FSCPM is a special kind of transverse flux machine, 

it is different with the traditional PM machines, the number of stator slots equals the rotor poles, and the cogging 



 
 

 

torque will be reduced with the increase of number of rotor pole. However, the average electromagnetic as well 

as the power factor will be reduced with the increase of number of rotor pole as well. In this paper, the rotor pole 

skewing is selected for the cogging torque reduction. 

If the rotor is skewed, the resultant cogging torque of FSCPM can be calculated by, 
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where θm is the rotor rotating angle, Tk the amplitude of k-th harmonic component of the cogging torque, θs the 

skew angle, φk the phase angle of k-th harmonic component of the cogging torque, Nc the least common multiple 

between the number of stator slots and number of rotor poles. In the FSCPM, Nc equals the number of rotor 

poles. The amplitude of cogging torque of CPM can be calculated by using FEM. For the CPM analyzed in this 

paper, when k is the even multiple of 3, the Tk appears, and Tk decreases with the increase of k. The k-th cogging 

torque Tk can be decreased by an alleviating factor 

cos( )
2

Nc sk


                            (7) 

For FSCPM, the ideal skewing angle is about 2.5 degrees in mechanical. However, for the developed FSCPM, 

the cogging torque of 12th harmonic order is high as well. The effective skewing angle will be slightly different 

from the calculated skewing angle. Fig. 19 shows the rotor structure for FSCPM. By using 3D-FEM, the PM 

flux and cogging torque of FSCPM with the change of skewing angle can be obtained, as shown in Figs. 20 and 

21. It can be seen that the PM flux linkage will be reduced with the increase of the skewing angle, For the 

cogging torque, at the determined skewing angles, the cogging torque can achieve its minimum value. In this 

paper, the performance of FSCPM with the initial rotor, 3 segments with skewing angle of 1.25 degrees and 2.5 

degrees are analyzed, as shown in Figs. 22 to 25. It can be seen that the cogging torque of FSCPM with the rotor 

of 3 segments (2.5 degrees) is the lowest one. This design will also bring the machine with lowest torque ripple 

but lowest average torque. It can be obtained that the PM flux will be shifted when the skewing angle increases, 

and the FSCPM with the rotor segments (1.25 degrees) may be a good design for considering low torque ripple, 

cogging torque and high average torque. 

 

(a)                                                          (b) 

Fig. 19. Rotor structure for FSCPM, (a) initial rotor and (b) 3 segment rotor 



 

 

 

Fig. 20. PM flux with the change of skewing angle 

 

Fig. 21. Cogging torque for FSCPM with the change of skewing angle 

 

Fig. 22 Cogging torque for FSCPM with three different rotor design 



 
 

 

 

Fig. 23 PM flux for FSCPM with three different rotor design 

 

Fig. 24. EM torque for FSCPM with three different rotor design 

 

Fig. 25. Overall comparison of FSCPM with three different rotor designs 

8. Conclusion 

In this paper, a novel FSCPM with SMC cores was proposed to integrate the merits of both FSPMM and 

CPM with SMC cores. It can be seen that the proposed FSCPM has high torque ability, high power factor, high 

efficiency and good mechanical robustness. Based on the 3D FEM, the main dimensions of this machine were 

optimized, and the optimal parameters and motor performance were obtained. Moreover, for the reduction of 

cogging torque and torque ripple, its rotor was divided into 3 segments and the optimal skewing angle was 

obtained. The proposed FSCPM can be a good candidate for applications requiring high performance motor 

drives. In future work, more factors will be investigated in the optimization process, and several optimization 

methods, such as multilevel methods, will be considered to improve the performance of the FSCPM.  



 

 

Acknowledgement 

This work was supported in part by the Natural Science Foundation of Hebei Province under Project 

E2019202220, in part by National Natural Science Foundation of China under Project 51877065 and 52007047.  

Reference 

[1] W. Hua, G. Zhang, and M. Cheng, “Investigation and design of a high power flux-switching permanent-magnet 

machine for hybrid electric vehicles,” IEEE Trans. Magn., vol. 51, no. 3, Mar. 2015, Art. no. 8201805 

[2] W. Z. Fei, P. C. K. Luk, J. X. Shen, Y. Wang, and M. J. Jin, “A novel permanent-magnet flux switching machine with 

an outer-rotor configuration for in-wheel light traction applications,” IEEE Trans. Ind. Appl., vol. 48, no. 5, pp. 1496–

1506, Sep./Oct. 2012. 

[3] W. Xu, J. Zhu, Y. Zhang, Y. Guo, and G. Lei, “New axial laminated structure flux-switching permanent magnet 

machine with 6/7 poles,” IEEE Trans. Magn., vol. 47, no. 10, pp. 2823–2826, Oct. 2011. 

[4] J.-X. Shen and W.-Z. Fei, “Permanent magnet flux switching machines topologies, analysis and optimization,”  in Proc. 

4th Int. Conf. Power Eng., Energy Elect. Drives, 2013, pp. 352–366. 

[5] M. Cheng, W. Hua, J. Zhang, and W. Zhao, “Overview of stator-permanent magnet brushless machines,” IEEE Trans. 

Ind. Electron., vol. 58, no. 11, pp. 5087–5101, Nov. 2011. 

[6] Z. Zhu and J. Chen, “Advanced flux-switching permanent magnet brushless machines,” IEEE Trans. Magn., vol. 46, no. 

6, pp. 1447–1453, Jul./Aug. 2010. 

[7] J. Chen, Z. Zhu, S. Iwasaki, and R. P. Deodhar, “A novel E-core switched flux PM brushless AC machine,” IEEE 

Trans. Ind. Appl., vol. 47, no. 3, pp. 1273–1282, May/Jun. 2011.  

[8] Y.Wang and Z. Deng, “Hybrid excitation topologies and control strategies of stator permanent-magnet machines for 

DC power system,” IEEE Trans. Ind. Electron., vol. 59, no. 12, pp. 4601–4616, Dec. 2012. 

[9] G. Zhang, W. Hua, M. Cheng, and J. Liao, “Design and comparison of two six-phase hybrid-excited flux-switching 

machines for EV/HEV applications,” IEEE Trans. Ind. Electron., vol. 63, no. 1, pp. 481–493, Jan. 2016. 

[10]  J. Yan, H. Lin, Y. Feng, Z. Q. Zhu, P. Jin, and Y. Guo, “Cogging torque optimization of flux-switching transverse flux 

permanent-magnet machine,” IEEE Trans. Magn., vol. 49, no. 5, pp. 2169–2172, May 2013. 

[11] G. Lei, J. Zhu, Y. Guo, C. Liu, and B. Ma, "A Review of Design Optimization Methods for Electrical Machines," 

Energies, vol. 10, no. 12, 2017, Art. no. 1962. 

[12] G. Lei, Y. G. Guo, J. G. Zhu, X. M. Chen, W. Xu and K. R. Shao, "Sequential Subspace Optimization Method for 

Electromagnetic Devices Design With Orthogonal Design Technique," IEEE Trans. Magn., vol. 48, no. 2, pp. 479-482, 

Feb. 2012. 

[13] J. Yu and C. Liu, "Multi-Objective Optimization of a Double-Stator Hybrid-Excited Flux-Switching Permanent-

Magnet Machine," IEEE Trans. Energy Convers., vol. 35, no. 1, pp. 312-323, March 2020. 

[14] X. Zhu, Z. Shu, L. Quan, Z. Xiang and X. Pan, "Multi-Objective Optimization of an Outer-Rotor V-Shaped Permanent 

Magnet Flux Switching Motor Based on Multi-Level Design Method," IEEE Trans. Magn., vol. 52, no. 10, pp. 1-8, Oct. 

2016, Art no. 8205508. 

[15] G. Lei, W. Xu, J. Hu, J. Zhu, Y. Guo and K. Shao, "Multilevel Design Optimization of a FSPMM Drive System by 

Using Sequential Subspace Optimization Method," IEEE Trans. Magn., vol. 50, no. 2, pp. 685-688, Feb. 2014, Art no. 

7016904.  

[16] C. Liu, G. Lei, T. Wang, Y. Guo, Y. Wang, and J. Zhu, “Comparative study of small electrical machines with soft 

magnetic composite cores,” IEEE Trans. Ind. Electron., vol. 64, no. 2, pp. 1049–1060, Feb. 2017 

[17] C. Liu, J. Zhu, Y. Wang, G. Lei, and Y. Guo, “Design considerations of PM transverse flux machine with SMC cores,” 

IEEE Trans. Appl. Supercond., vol. 26, no. 4, Jun. 2016, Art. no. 5203505. 

[18] G. Lei, T. S. Wang, Y. G. Guo, J. G. Zhu, and S. H. Wang, “System level design optimization methods for electrical 

drive systems: deterministic approach,” IEEE Trans. Ind. Electron., vol. 61, no. 12, pp. 6591-6602, Dec. 2014. 

[19] G. Lei, C. Liu, Y. Guo and J. Zhu, "Multidisciplinary Design Analysis and Optimization of a PM Transverse Flux 

Machine With Soft Magnetic Composite Core," IEEE Trans. Magn., vol. 51, no. 11, pp. 1-4, Nov. 2015, Art no. 

8109704. 

[20] G. Lei, C. Liu, J. Zhu and Y. Guo, "Techniques for Multilevel Design Optimization of Permanent Magnet Motors," 

IEEE Trans. Energy Convers., vol. 30, no. 4, pp. 1574-1584, Dec. 2015. 

[21] B. Ma, G. Lei, J. Zhu, Y. Guo and C. Liu, "Application-Oriented Robust Design Optimization Method for Batch 

Production of Permanent-Magnet Motors," IEEE Trans. Ind. Electron., vol. 65, no. 2, pp. 1728-1739, Feb. 2018. 

[22] Y. Guo, J. Zhu, P. Watterson, and W. Wu, “Development of a PM transverse flux motor with soft magnetic composite 

core,” IEEE Trans. Energy Convers., vol. 21, pp. 426-434, 2006. 

[23] A. G. Jack, B. C. Mecrow, C. P. Maddison, and N. A. Wahab, “Claw pole armature permanent magnet machines 

exploiting soft iron powder metallurgy,” in Proc. IEEE International Electric Machines and Drives Conference Record, 

p. MA1/5.1-MA1/5.3, 1997. 

[24] Y. G. Guo, J. G. Zhu, and D. G. Dorrell, “Design and analysis of a claw pole permanent magnet motor with molded 

soft magnetic composite core,” IEEE Trans. Magn., vol. 45, pp. 4582-4585, 2009. 

[25] B. Zhang, T. Seidler, R. Dierken, and M. Doppelbauer, “Development of a yokeless and segmented armature axial flux 

machine,” IEEE Trans. Ind. Electron., vol. 63, no. 4, pp. 2062-2071, Mar. 2016. 

[26] J. Doering, G. Steinborn and W. Hodman, “Torque, power, losses, and heat calculation of a transverse flux reluctance 

machine with soft magnetic composite materials and disk shaped rotor,” IEEE Trans. Ind. Appl., vol. 51, no. 2, pp. 

1494-1504, Mar./Apr. 2015 

[27] G. Lei, T. S. Wang,  J. G. Zhu,Y. G. Guo, and S. H. Wang, “System level design  optimization methods for electrical 



 
 

 

drive systems: robust approach,” IEEE Trans. Ind. Electron., vol. 62, no. 8, pp.4702-4713, Aug. 2015. 

[28] G. Lei, G. Bramerdorfer, B. Ma, Y. Guo and J. Zhu, "Robust Design Optimization of Electrical Machines: Multi-

Objective Approach," IEEE Trans. Energy Convers., vol. 36, no. 1, pp. 390-401, March 2021. 

[29] G. Lei, G. Bramerdorfer, C. Liu, Y. Guo and J. Zhu, "Robust Design Optimization of Electrical Machines: A 

Comparative Study and Space Reduction Strategy," IEEE Trans. Energy Convers., vol. 36, no. 1, pp. 300-313, March 

2021. 
 

 

 


