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Abstract—This paper proposes a new rotary flux switching 

transverse flux machine with the ability of linear motion 

(FSTFMaLM), in which both the stator and the rotor cores are 

made by using soft magnetic composite (SMC) materials. With the 

special design pattern, for the rotary motion model, the proposed 

machine can combine both the advantages of the flux switching 

permanent magnet machine (FSPMM) and the transverse flux 

machine (TFM). It can output with relatively high torque density, 

and as there is no windings or the magnets on the rotor cores, the 

proposed machine can operate in the high speed region to improve 

the output power. With the adoption of the SMC materials, the 

manufacturing of this machine can be quite easy. By stacking the 

rotor core together and prolong it with the determined length in 

the axial direction, in addition with the special control algorithm, 

the proposed machine can have the ability of the linear motion. In 

this paper, the operation principle of this machine has been 

explained and the design methods are also presented. To seek the 

better performance, the main dimension of the machine is 

optimized, and for the performance evaluation, the finite element 

method (FEM) is adopted. The proposed machine can be used for 

the electric driving systems, robotic systems or other applications 

where the linear motion ability is required. 

 
Index Terms—Flux switching, linear motion, high torque 

density, soft magnetic composite (SMC), transverse flux machine.  

I. INTRODUCTION 

HE electrical machines with the not only rotary ability but 

also the linear motion ability can be used in several drive 

applications to replace the combination of a rotary electrical 

machine and a linear machine, e.g. in the servo actuators for 

gearbox or the integrated actuations of basic active wheels on 

board of electric and hybrid vehicles [1],[2]. In the electric and  
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hybrid vehicles, for the performance optimization the two 

speed or three speed gearbox is required, since in the low speed 

region the torque of the driving system needs to be enlarged 

several times to provide the electric vehicle with a high output 

torque, while for the high speed region, the high power is more 

important [3]. In such applications, the rotary ability of the 

electrical machine is the main task. However, if the electrical 

machine can provide with the linear motion ability to assist the 

gearbox to work in different gear rations, the complexity of the 

whole system and therefore the total cost of the drive system 

can be reduced. 

With the permanent magnets (PM) installed in the stator of 

the electrical machine, the flux switching permanent magnet 

machine (FSPMM) can output very high torque density. Since 

there is no winding or magnets on the rotor, the mechanical 

robust of the FSPMM is very high [4], [5]. In the past decades, 

the improvement of the performance of the FSPMM with the 

different methods include design with different stator core 

structures, different hybrid excitation methods, different 

magnet flux path, optimization, and etc.[6]-[8]. Compared with 

the interior permanent magnet machines, the FSPMM has 

shown its advantages and it is a potential machine for the 

electric vehicle application and other high performance 

applications [9], [10]. With the adoption of the global ring 

winding, the transverse flux machine (TFM) is another machine 

which was proposed by Weh [11]. Compared with other 

electrical machines, the TFM has the merits of the higher torque 

density [12-18]. However, with the complex magnetic flux path, 

the manufacturing of this kind of machine is a great issue. By 

using the soft magnetic composite (SMC) materials, the flux 

switching transverse flux machine (FSTFM) has been proposed 

in our previous work [19], and this new machine has shown the 

good performance by taking not only the advantages of the flux 

switching machine but also the transverse flux machine. With 

the adoption of the SMC materials, the manufacturing of the 

flux switching transverse flux machine is quite easy. Moreover, 

as the SMC material has lower core loss under higher frequency 

compared with the silicon steels, this machine is expected to 

have good performance. 

In this paper, based on the main topology of the FSTFM, a 

new FSTFM with the ability of linear motion (FSTFMaLM) is 

proposed, which can not only have the ability of rotary motion 

but also the linear motion ability. It can be used for the electric 
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drive systems for the electric vehicle or the hybrid vehicle to 

reduce the complexity of the gearbox system, or it can be used 

in the robotic system or other applications where both the rotary 

motion and linear motion ability are required. 
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Fig. 1.  Main topology of the new FSTFMaLM, (a) the complete magnetic 

structure of the machine, and (b) one stator core module of the machine. 

 
Fig. 2. Main flux path of the new FSTFMaLM in rotary model, (a) PM flux 

(positive maximum), (b) PM flux (zero), (c) PM flux (zero), and (d) PM flux 

(negative maximum) 

(a) (b)

(c) (d)
 

Fig. 3. Main flux path of the new FSTFMaLM in linear motion model, (a) PM 

flux (positive maximum), (b) PM flux (zero), (c) PM flux (zero), and (d) PM 

flux (negative maximum). 

II. TOPOLOGY AND OPERATION PRINCIPLE OF THE NOVEL 

FSTFMALM 

Fig. 1 illustrates the main topology of the new FSTFMaLM. It 

can be seen that this machine is composed of the three stator 

core modules and one rotor core module. For the stator module, 

it is quite similar to the stator cores of the 3D transverse flux 

flux switching permanent magnet machine (3D TFFSPMM) in 

[15]. For one stator module, it is composed of 12 stator cores 

and 12 magnets, and all the magnets are magnetized along the 

 

Fig. 4.  PM flux linkage of the FSTFMaLM in rotary model and linear motion 

model against the rotor position. 

circumferential direction while the adjacent magnets are 

magnetized in the opposite direction. The stator cores and 

magnets can form the whole cylinder and the winding is 

installed in the middle of the stator slot. The distance between 

the adjacent stator modules equals the distance between the 

adjacent rotor teeth in the axial direction. To form the 

three-phase operation in the rotary model, the adjacent stator 

modules have been shifted by 120 electrical degrees with each 

other. The rotor core of this machine is similar to that of the 3D 

TFFSPMM, but it was prolonged with one rotor core to form 

the linear motion ability. 

The operation principle of this machine can be referenced as 

that of traditional flux switching permanent magnet machine in 

[4]. However, the flux path loop of the new machine is very 

complex and quite different when compared with the traditional 

FSPMM, which can be shown in Fig. 2 and Fig. 3. As shown in 

Fig. 2(a), at this position the PM flux will flow on the clockwise 

direction and the PM flux crossing the winding can reach the 

positive maximum. When the rotor moves along the right 

direction and reaches the position as shown in the Fig. 2(b), the 

PM flux linkage crossing the winding will be zero. The PM flux 

linkage crossing the winding with the relationship with the 

rotor position can be found in Fig. 4. Compared with the rotary 

motion model, the change of the PM flux of the new 

FSTFMaLM is illustrated in Fig. 3. It can be seen that when the 

rotor teeth are aligned with the stator teeth, the PM flux linkage 

will be the positive maximum or the negative maximum, while 

when the rotor is moved with the rotor teeth aligned with the 

stator slots, the PM flux linkage of the machine will be zero. 

The change of the PM flux linkage with the rotor axial position 

can be seen in Fig. 5 as well. As shown, both the rotary motion 

and the linear motion of the machine are worked with the flux 

switching principle. 

Fig. 5 shows the operation model of the new FSTFMaLM in 

both the rotary model and the linear motion model. In this 

figure, when the each part of block R is under block N or block 

S, the PM flux linkage of the winding can achieve the 

maximum one. When block R is under the left side of block N, 

the PM flux linkage will be the positive maximum one, or it 

will be the negative maximum one. Fig. 5(a) shows the 

FSTFMaLM in the initial position. For the linear motion it can 

be seen in Fig. 5(b) that all the three windings will achieve the 
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PM flux linkage of zero at the same position. Specifically the 

overall output of the force for this machine will be similar to 

that of single phase linear machine. As illustrated in Fig. 5(c), 

the FSTFMaLM is a standard three phase FSTFM in the rotary 

motion model. The work state of the FSTFMsLM in the rotary 

motion and the linear motion can be explained by Fig. 5(d). 
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Fig. 5. Operation model of the new FSTFMaLM in the rotate model and the 

linear model. 

Base on the above analysis, the PM flux linkage of the 

windings A, B, and C can be expressed by, 
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where ψPM is the maximum PM flux of the machine, P the 

number of pole pairs of the machine in the rotary motion model, 

θ the motion angle of the rotor, z the motion position of the 

rotor in the axial direction, and l the distance between the 

adjacent rotor pole in the same axial axis. When the machine is 

in the rotary motion model, then the induced voltage can be 

calculated by, 
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where ω the rotor rotary speed and t the time. And its 

electromagnetic power can be calculated by, 

1.5 * cos(2 / )
PMem q c f

P I z lP A k       (3) 

where Iq is the q axis current density, Ac the cross section area of 

the winding, and kf the slot fill factor. It can be known that the 

power of the FSTFMaLM is related by the rotor position in the 

axial direction. When the machine is in the linear motion model, 

the induced voltage can be calculated by, 
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where the v is the speed for the linear motion. And its power can 

be calculated by, 

2
2.43 * (2 / ) sin (2 / )

em cPM q f
IP l v A k vt l      (5) 

As shown in the above equations, for the rotary motion 

model, when the rotor is in the position of z equal to kl/2, where 

k is the integer number, the torque of machine will be the 

standard torque, the same as that of 3DFTFFSPMM [15]. When 

the rotor is in the position of z equal to (2k+1)/4l, the torque 

will be zero. When k equals the other number the torque of the 

machine will decrease with certain degree. As for the linear 

motion model, there is no requirement for the rotor position in 

the rotary position. However, the phase of the back emf will 

change with the different rotor position. The output torque of 

the FSTFMaLM at the rated state is 1.55 Nm, and the output 

force of the new FSTFM at the rated state is 25 N. The main 

dimensions of this machine are optimized to achieve higher 

torque and force, and its main dimensions are listed in the 

follow table. 

TABLE I  

MAIN DIMENSIONS OF NEW FSTFM 

Parameter name Symbol Value Unit 

Shaft radius Rshaft 9.5 mm 

Stator outer radius Rso 47.5 mm 

Stator inner radius Rsi 25.65 mm 
Height of stator yoke Hsy 5.7 mm 

Width of stator tooth Wsty 8.55 mm 

Air gap length Lgap 0.5 mm 
Effective axial length Laxial 27 mm 

Length of rotor tooth Lrt 4.75 mm 

Length of stator tooth in 
radial direction 

Lst 10.3 mm 

Length of PM yoke in 

radial direction 
Lmyr 14.6 mm 

Number of coil turns Nc 107  

Slot fill factor  0.6  

 

III. MAGNETIC FIELD ANALYSIS AND MAGNETIC PARAMETER 

ANALYSIS OF THE NOVEL FSTFMALM 

The analysis of the magnetic field and the magnetic 

parameter is very important for the performance analysis of the 

electrical machines. Moreover, for the accurate magnetic 

analysis of the 3D flux machine with the nonlinear magnetic 

materials adopted, the finite element method (FEM) is the best 

method. In this paper, the commercial FEM software ANSYS is 

used for the magnetic analysis. 

Fig. 6 illustrates the no load magnetic flux density 

distribution of the new FSTFMaLM, and Fig. 7 shows the no 

load air gap flux density in the radial direction of the new 

FSTFMaLM. It can be seen that the maximum flux density in 

the stator teeth and the rotor teeth can achieve more than 1.2 T, 

and the maximum air gap flux density can achieve about 1.1 T. 

As shown, the flux leakage is existed in the machine, resulted 

by the complex 3D magnetic flux circuit and strong flux 

coupling effect between the rotary motion and linear motion 

state. For the permanent magnet machine with the NdFeB 

magnets and silicon steels, to obtain the air gap flux density of 

1.1 T is not a difficult work. However, the magnets used in this 



LIU et al. : DEVELOPMENT OF A NEW FLUX SWITCHING TRANSVERSE FLUX MACHINE WITH THE ABILITY OF LINEAR MOTION 387 

novel FSTFMaLM is the ferrite magnet in which the residual 

magnetic flux density is only 0.4 T. Moreover, the SOMALOY 

500TM is used for the magnetic cores of the machine, and the 

average permeability of the SOMALOY 500TM is only about 

200, which is much lower than that of silicon steels. With the 

adoption of the SMC material and the ferrite magnets, not only 

the cost of the machine can be reduced, but also the power loss 

will be reduced when it is operated in the high frequency. 

(a) (b)
 

Fig. 6.  No load flux density distribution of the novel FSTFMaLM, (a) stator 

core, and (b) rotor core 

 

Fig. 7.  No load air gap flux density distribution of the novel FSTFMaLM 

Fig. 8 illustrates the PM flux linkage per turn of the novel 

FSTFMaLM. It can be seen that when the rotor is in the 

position of z equal to 0 mm, the PM flux linkage of the three 

phase windings are shown and the adjacent phases have the 

phase shift of 120 electrical degrees with each other. As shown 

in Fig. 8(b), the flux linkage of winding A has the same peak 

value when compared with its value in the rotary model. For the 

other two windings, it can be seen that the peak value is about 

half of that of their windings in the rotary model. Windings B 

and C have the same phase and they are opposite to phase A. for 

the linear motion state, the phase A, B and C are the same phase. 

For the complete machine, there is 9 stacks and the symmetrical 

three phase for the linear motion state can be formed. Figs. 8(c) 

and 8(d) show the PM flux linkage of winding A when it is in 

the rotary model and in linear motion model, with different 

linear positions and rotary positions, and these results can 

match the deduced equation (1). For windings B and C, their 

PM flux linkages in the rotary model and linear motion model 

with different linear positions and rotary positions are shown in 

Fig. 9, which also match the principle analysis results. 

 
(a) Phases A, B and C when z equals 0 mm 

 

(b) Phases A, B and C when θ equals 0 deg. 

 

(c) Phase A with different z 

 
(d) Phase A with different θ 

Fig. 8.  PM flux linkage per turn of the novel FSTFMaLM.. 
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(a) Phase B in rotary model with different z 

 

(b) Phase C in rotary model with different z 

 

(c) Phase B in linear motion model with different θ 

 
(d) Phase C in linear motion model with different θ. 

Fig. 9. PM flux linkage per turn of the novel FSTFMaLM,  

Fig. 10(a) illustrates the cogging torque of the novel 

FSTFMaLM, which is calculated by the virtual work method, 

and Fig. 10(b) illustrates the cogging force of the novel 

FSTFMaLM. When compared with the 3DFTFFSPMM in [15], 

it can be seen that the cogging torque is the same as the that of 

3DFTFFSPMM, as the magnetic couple of the adjacent stator 

model of the novel FSTFM is very weak, as shown in Fig. 11.  

 
(a) cogging torque 

 
(b) cogging force 

Fig. 10. Cogging torque and cogging force of the novel FSTFMaLM,  

 
(a) Inductance waveform at different rotor positions (rotary model) 

 
(b) Inductance at the different rotor positions (linear model) 

Fig. 11.  Inductance of the novel FSTFMaLM.  
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IV. PERFORMANCE EVALUATION OF THE NOVEL FSTFMALM 

The main target of the electrical machine is to output force or 

torque, thus the output torque or force can represent the most 

important performance of the electrical machines. Based on the 

principle analysis, it can be known that the output torque of the 

novel FSTFMaLM will be varied with the different axial 

positions of the rotor, and for some determined positions the 

output torque of the machine will be zero, and this should not 

happen when the machine needs to have the rotary ability. As 

shown in the Fig. 12, the torque of the novel FSTFMaLM at the 

rated current density of 4 A/mm2, is about 1.5 Nm, and Fig. 

12(b) shows the average torque of the novel FSTFMaLM with 

the different current density and different axial position of the 

rotor. Based on these analysis, it can be seen that when the rotor 

is moved to the determined axial position, it can not only 

provide the motor with the axial force but also the flux 

weakening ability, which can help the machine to operate in the 

higher speed without the additional demagnetized d axis 

current. 

 
(a) Torque waveform at the rated state 

 
(b) Averaged torque at the different z position. 

Fig. 12.  Torque of the novel FSTFMaLM. 

As mentioned in section II, with this kind of design in this 

paper, when the machine works in the linear motion model, the 

three windings of the machine are in the same phase, thus for 

the output force it will show the one phase motor performance. 

Fig. 13 shows the force of the novel FSTFMaLM. It can be seen 

that the force ripple is very high, and even for some positions it 

is a negative value, which is resulted by the high cogging force 

as shown in Fig. 10(b). To eliminate the force ripple, there is a 

great number of methods. However for the machine developed 

in this paper, the axial force is only the assist force, thus we do 

not take the special measure to reduce it. While, for some 

applications where the low force ripple is required, the 

designed FSTFMaLM can be designed in module way to have 

three same machines designed to assembly in the axial way to 

provide the three phase shift for the linear motion model. The 

power factor of the designed FSTFMaLM at the rated state is 

about 0.5, however that for the traditional outer rotor TFM with 

SMC cores is about 0.62 [14]. The main reason is that the flux 

leakage is high in the stator PM TFM if compared with the rotor 

PM TFM. 

 

(a) Force waveform (single phase) at the rated state 

 
(b) Averaged force with different input current density. 

Fig. 13.  Force of the novel FSTFMaLM. 

V. CONCLUSION 

In this paper, a novel FSTFMaLM with both the rotary 

ability and linear motion ability is proposed. As the flux 

switching operation principle and the transverse flux are 

applied, and with the adoption of the SMC materials, the output 

torque and force of this machine is quite high though the ferrite 

magnet is used to provide the PM flux. By designing the rotor 

with the special structures and the determined distance between 

the adjacent stator cores, the designed machine can have the 

ability of the linear motion. The PM flux and the back emf 

equations of this machine in both the linear motion and the 

rotary motion are deduced based on the analysis of the 

operation principle. 

By using the FEM method, the magnetic field and the 

magnetic parameters of the developed machine were analyzed. 

It can be seen that with the special design, the magnetic load is 
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relatively high though the ferrite magnets are used to produce 

the PM flux and the average permeability of the SOMALOY 

500TM is only about 200. The calculated PM flux linkages can 

match the PM flux linkage equations based on principle 

analysis. The designed FSTFM has the same cogging torque 

and the torque performance compared with that of the 

3DFTFFSPMM. As for the force, the waveform of the new 

FSTFMaLM is not good, while for the average value it can 

achieve the same force ability when compared with the other 

linear machines. The developed novel FSTFMaLM can be 

designed with some other forms to achieve the low force ripple 

to meet the performance requirement of the different 

applications. 
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