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Design of Linear Transverse Flux Machine for Stelzer Machine using 
Equivalent Magnet Circuit and FEM 

 
 

Sung-In Jeong† 
 

Abstract – This paper presents the new design and validation process of the linear transverse flux 
machine of the stelzer machine for hybrid vehicle application. A linear transverse flux machine is a 
novel electric machine that has higher force density and power than conventional electric machine. 
The process concentrates on 2-dimensional and 3-dimensional analysis using equivalent magnetic 
circuit method considering leakage elements and it is verified by finite element analysis. Besides the 
force characteristics of all axis of each direction are analyzed. 
The study is considered by dividing the transverse flux electric excited type and the transverse flux 
permanent magnet excited type. Additionally three-dimensional analysis in this machine is 
accomplished due to asymmetric structure with another three axes. Finally, it suggests the new design 
and validation process of linear transverse flux machine for stelzer machine. 
 
Keywords: Equivalent magnetic circuit, Finite element analysis, Flux matrix, Force density, Free 
piston engine, Leakage element, Magnetic energy, Transverse flux electric, Transverse flux permanent 
magnet. 

 
 
 

1. Introduction 
 
Extensive use of fossil fuels such as gas, oil, and coal 

as an energy source leads to significant amounts of CO2 
and another pollutants being produced. Especially, an 
application of automotive industry is at risk to the people 
directly due to originated exhaust gases. Therefore, much 
study is being undertaken to develop more environmental 
friendly and advanced technology for the future. As a result, 
hybrid electric vehicles using the stelzer machine called the 
“Free Piston Engine” has a good solution to overcome 
these problems [1]. The stelzer machine is not commonly 
used to distinguish a linear machine from a rotating 
crankshaft machine. The meaning of piston is “Free” 
because it is motion in not restricted but unrestricted by 
piston of a rotating crankshaft as known from conventional 
engines. For this reason, linear electric machine is the 
dominant system in stelzer machine as shown in figure 1. 

Several linear machine candidates exist including the 
PM machine, switched reluctance machine, and induction 
machine. Some research has been devoted to both the 
reluctance and induction machines, but their poor 
performance at low speeds has deemed them unsuitable for 
internal combustion engine [2]. As an alternative to these 
machines, this study develops an innovative linear transverse 
flux generator. The Transverse Flux Machines (TFMs) are 
a relatively new topology of electrical machines. 

This study covers the analysis and design of electrically 
excited Linear Transverse Flux Machine (LTFM). It 

consists of two kinds of variable reluctance generator and 
magnets type; the former is Transverse Flux Electric excited 
(TFE), and the latter is Transverse Flux Permanent Magnet 
excited (TFPM). First of all, the liberal approximation such 
as Equivalent Magnetic Circuit (EMC) is made to obtain 
the idealized model and in order to keep the initial analysis 
simple excluding the saturation effects. It also suggests 
comparison on the result between 2-D and 3-D using 
Equivalent Magnetic Circuit Network (EMCN) method. As 
for the TFM, it is indispensable to analyze 3-D modeling 
due to the asymmetric structure in all the axis of x, y, and 
z-axis. At last, it is performed to verify the consilience of 
results between analytical calculation and numerical 
calculation by 3-D FLUX software developed by CEDRAT 
Group. 

 
 

2. Subjects of Investigation 
 
The simplest feature of TFM is the similar to the 

configuration of switched reluctance machine. It has salient 
poles on both the stator and mover, but only one pair of 
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Fig. 1. Stelzer machine 
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member (stator or mover) carries excitation windings. In 
usual TFM’s topology, the stator core is salient and the 
mover can be built up with or without salient poles. The 
mover is usually provided with magnets which are 
magnetized perpendicularly or parallel to moving direction 
of the mover. By structural and number of phase 
classification, it deals with TFE of reluctance type with 
single-phase system as single-sided topology and TFPM 
with single-phase system as double-sided topology. The 
analytical calculation of 2-D and 3-D by EMCN method is 
evaluated in each topology. Finally, the analytical result of 
double-sided TFPM topology is compared to numerical 
result simulated by FLUX 3-D software for a review of the 
validity of the 3-D result. The analytical design procedure 
is summarized by the flow chart of figure 2. 

 
2.1. Single-sided TFE 

 
The TFE machine is a variable reluctance type and it has 

a simple modular construction. This structure has been 
chosen because of the possibility to implement the control 
strategy of the machine from a customarily single-phase 
power converter. In particular, single-sided machines are 
easier to manufacture and have better prospects for 
practical applications. Besides, this machine has the 
advantage that is lower cogging force. When supplying the 
coil of a module with the stator teeth and the unaligned 
mover teeth, the mover teeth will tend to align with the 
stator teeth. Hence, the mover will be displaced one step 
length into the desired direction. 

In figure 3, the simplest variant with two modules is 
presented. The stator coil is surrounded by U-shaped soft 
iron parts arranged on the mover circumstance. In order to 
establish the magnetic circuit adequately, an additional 
return path may be provided optionally by I-shaped soft 
iron pieces between the active stator poles. This reduces 
the leakage flux of the mover which weakens the main flux 

of the stator. All soft iron parts must be made of laminated 
steel in order to avoid important core losses due to the 
eddy-currents. 

 
2.2. Double-sided TFPM 

 
There are at least two double-sided topologies that can 

be used for building up the TFPM topologies with magnets 
on the mover. One consists of a mover with flat magnets 
inserted in between nonmagnetic material parts and two 
identical opposite stators. A variant of such a topology is 
shown in figure 4(a): it has U-shaped stator pole core and 
I-shaped return flux mover core. The other possible 
double-sides topology has a mover with concentrating flux 
poles and magnets inserted in between them, and 
magnetized in the direction of the mover movement. The 
variant of this double-sided TFPM topology shown in 
figure 4(b); it has two identical opposite stators with U-
shaped pole core. In both cases presented for the double-
sided TFPM, the stators are shifted with 180 electrical 
degrees. 

 
 

3. Analytical Calculation of TFE 
 

3.1. Thrust force in the direction of X-axis 
 
If the magnetic flux density B is linearly related to the 

 
Fig. 2. Analysis process 

 
Fig. 3. Single-sided TFE machine 

 

  
(a) Flat magnets mover (b) Inserted magnets mover 

Fig. 4. Double-sided TFPM Machine 
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magnetic field intensity H then the total energy stored in a 
steady magnetic field and the magnetic energy and co-
energy become numerically the same. In other words, if a 
linear system is assumed, the superposition theory can be 
utilized to separately calculate the force acting on the 
system in the direction of x-, y-, and z-axis while other 
variables are held constant. Therefore, Eq. (1) shows the 
derivation using the co-energy equation. 
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Using the derived co-energy Eq. (1), the force in the 
direction of x-axis can be obtained as in Eq. (2). 
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Where, Θ indicates MMF, while Fx indicates mechanical 

force. 
Eq. (2) indicates that the force in the direction of x-axis 

is independent of position variable x. However, it should be 
noted that the equation only shows the behavior while 
position x is from 0 to τ. While the position is from τ to 2τ, 
the force is equal in magnitude and opposite in sign, since 
the teeth of the mover interact with the nearest teeth of 
stator, and the attraction causes opposite force while the 
position is from τ to 2τ. Therefore, in order to move the 
machine in positive direction, the current should be only 
applied during 0 < x < τ, and switched off during τ < x < 2τ. 
Fig. 5 illustrates the force in the direction of x-axis while a 
constant current is applied during 0 < x < τ, and zero current 
during τ < x < 2τ. 

From the figure 5, the average force is a half of the force 
in Eq. (2). Therefore, the average force can be expressed as 
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Also thrust force per air-gap, Fax, can be expressed as 
 

 
Fig. 5. Thrust Force in the Direction of X-axis 
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Here, the δA  is defined as the area covered by an air-

gap during one period 2 iτ h× × . 
 

3.2. Lateral force in the direction of Y-axis 
 
The lateral force in the direction of y-axis can be derived 

by Eq. (5); it shows the derivation using co-energy 
equation. 
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This yields the identical result as Eq. (1). By taking 
derivative with respect to ih  yields the lateral force. 
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3.3. Attractive force in the direction of Z-axis 

 
The flux in the air-gap not only generates force in the 

direction of x-axis and y-axis, but also causes the force in 
the direction of z-axis, which can be referred as attractive / 
normal force. This force acts on to minimize the air-gap δ, 
and the identical method shown in previous two paragraphs 
can be used. Eqs. (7) and (8) derive the co-energy and the 
force with respect to the direction of z-axis. 
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Here, Eq. (8) derives the force generated by single air-

gap. Since there are two air-gaps and the number of cores 
( coreN ) per phase, rearranging Eq. (8) yields Eq. (9). 
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As it can be seen from the Eq. (9), the attractive force is 

proportional to the inverse square of air-gap length; 
therefore, the air-gap length and its relation to attractive  
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Fig. 6. Force in the Direction of Z-axis 

 

 
Fig. 7. Maximum Magnetic Energy in TFE (2-D) 

 
force must be considered carefully during design. Another 
notable characteristic is that the attractive force is the 
function of x. Assuming that δ and ih  holds at constant 
values, the attractive force changes as linear motion travels 
in the direction of x-axis. 

Fig. 6 illustrates the force characteristic in the direction 
of z-axis, as a function of position and MMF. During its 
operation, the current is only applied during 0 x τ< < , and 
removed while 2τ x τ< < , as it was explained in paragraph 
3.1, and the generated force is shown with thick block line. 
In contrast, the dotted line shows the amount force if the 
current is constant for all time. The maximum attractive 
force occurs when the teeth of stator and the mover is 
aligned, which is equivalent to x τ= . The minimum 
attractive force is zero, which occurs when the teeth are 
totally unaligned, which is equivalent to 0x= . 

 
3.4. Two-dimension EMC 

 
In an electric-excited TFE of reluctance type, the 

average force can be similarly determined as having the 
above-mentioned energy method. 

Fig. 7 shows the arrangement of the relations of the most 
important dimensions for the position of "tooth" against 
"tooth" for conformity and the EMC. The proposed EMC 
in TFE topology consists of two main parts, i.e., air-gap 
and leakage reluctance which also exist in the air region 
network. 
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Fig. 8. Minimum Magnetic Energy in TFE (2-D) 

 
Where, Θ ,a δR  and σaR  are represent MMF, reluctance 

in air-gap and leakage reluctance in nonmagnetic material 
parts, respectively. 

The configuration for the position of “tooth” against 
“slot” is shown in figure 8. Also, it is expressed as an EMC 
in that position. From above figure, the values of these 
reluctances can be calculated by applying Ampere’s and 
Kirchhoff’s Law. The leakage reluctance value under 
unaligned-position is given by 
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By the EMC, it can be the difference of co-energy from 

the two positions and is calculated as follows 
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Hence, the average force and force-density using the 

magnetic energy is achieved by Eq. (15) and (16), 
respectively. By calculating the force density, it is caused 
by the fact that the force in TFE machine is formed by one 
pole pitch during the movement. 
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4. Analytical Calculation of TFPM 
 

4.1. Two-dimension EMC 
 
The most common approach for force calculation by 

EMC method is based on analytical implementations of the 
virtual work method using spatial derivatives of air-gap 
reluctances [3~5], discrete evaluation of energies at two 
positions [6, 7], or electrical-equivalent circuit formulas 
based on flux linkages and currents [8]. 
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Fig. 9 shows the arrangement of a TFPM machine which 
is magnetized into x-axis direction as a version of 
rectangular coordinates including the corresponding EMC 
sketch. The EMC shown in the configuration can be 
calculated using the following formulas. The MMF and 
reluctance in air-gap in double-sided topology are 
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As given the Eq. (19) and (20), each of them represents 

reluctances in magnet and leakage in nonmagnetic material 
parts. Correspond to the EMC is calculated as the flux in 
each branch of the stator and mover to 
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The difference of the co-energy of the two positions for 

a pole element is 
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The resulting average force and force density is calculated 
using the following equations. 
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4.2. Three-Dimension EMCN 

 
The 3-D EMC is proposed to improve analytical 

modeling by taking into consideration the pole-to-pole flux 
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Fig. 9. EMC in TFPM (2-D) 

 
Fig. 10. TFPM Machine 

 

 
(a) 3-D View          (b) 2-D Transformation 

Fig. 11. Maximum Magnetic Energy in TFPM 
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leakage. Due to the complex geometry of TFPM, there is 
no symmetry considering 2-D axis. So, the calculation of 
force and force density using magnetic energy has also 
been carried out based on the 3-D EMCN. 

Fig. 10 presents the 3-D configuration of the TFPM which 
was selected as a more effective model by concentrating 
magnetic flux from the figure 4(b) The 3-D analysis is 
considered by dividing two positions (maximum and 
minimum magnetic energy) in the same way like 2-D 
analysis. For the calculations, the reluctances of the U-
shaped core constituting the stator of the TFPM machine 
with the basic topology are described. 

 
4.2.1. Aligned-position 

 
In aligned position, the EMC for one pole element is 

expressed in figure 11; at first, it represents 3-D 
configuration and then indicates 2-D sketch for the sake of 
convenient calculation. The reluctances are calculated by 
mathematical expression as in the following. The ysrR  and 

ysaR  indicate the reluctance in the stator back-iron and in 
the air region between stacks, respectively. 
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The tsR  and tsaR  represent the reluctance of z-axis and 
axial direction in the stator teeth, respectively. 
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The sR  and saR  show the leakage reluctance of y-axis 

and axial direction in slot, respectively. 
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Fig. 12. Configuration for atsR  and latsR  

 
The δrR  and δaR  express the reluctance of z-axis and 

axial direction in air-gap, respectively. 
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for reluctance of z-axis direction in air-gap 
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for reluctance of axial direction in air-gap 

The atsR  and latsR  are the reluctance caused by y-axis 
and leakage of axial direction in air region between stator 
stacks, respectively. 

They can be obtained conveniently by the formulas and 
using the figure 12 expressed with y- and z-axis 2-D 
coordinate. 
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The mR  and maR  signifies the reluctance of axial and 

y-axis direction in magnet, respectively. 
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In aligned position, the matrix equation for the flux can 

be expressed as Eq. (42) by figure 11(b) converted from 3-
D organization. 
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(a) 3-D View    (b) 2-D transformation 

Fig. 13. Minimum magnetic energy in TFPM 
 

4.2.2. Unaligned-position 
 
The calcultion for the flux matrix equation in unaligned 

position is achieved identically as the formula in aligned 
position. 

In addition, the calculation of the average force and 
force density is same as 2-D EMC calculation method. 
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5. Comparison Results 
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the TFPM was established. Based on the given mathematical 
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and force characteristics was computed by a 2-D and 3-D 
EMCN method respectively. This performance roughly 
analyzed with the help of the developed analytical models. 
However, previous experience of the TFM showed that 
the analytical models cannot be relied to a great extent. 
Thus, it is required for 3-D FEM analysis, which is a kind 
of numerical calculation for verification of analytical 
calculation. At last, the results are compared to those 
obtained by 2-D and 3-D analytical models. Fig. 14 
indicates the direction and degree of the magnetic flux by 
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analytical calculated results. 
Generally, the serious loss in force is caused by high 

stator leakage flux. It can be become evident from 3-D FE 
analysis. A comparison between analytical calculation and 
3-D FE analysis result by the magnetic energy, average 
force and force density is given for in table 1. The result by 
3-D FEM is coincide with over 90 [%] in comparison 
previous analytical results by 2-D and 3-D EMCN. 

 
 

6. Conclusion 
 
In this study, two different kinds of TFM are discussed ; 

TFE and TFPM with single -phase system. In a correlation 
between two models, the former is considered as single-
sided reluctance type, the latter is regarded as model that 
consists of double-sided stators with magnets in mover. 
The design process of these models takes advantage of the 
methods by 2-D and 3-D EMCN analysis. Finally, the 
analytical calculations by EMCN method are evaluated 
through 3-D FEM simulated result. As a result, the results 
of analytical estimation by EMCN are much satisfied with 
that of FE analysis by FLUX 3-D. However, this study was 
overlooked the leakage flux generated from z-axis direction 
between the upper and lower stator cores. To reduce the 
errors shown in the table 1, it needs more investigation of 
the leakage flux generated in the area above. 

It will give elaborate information about the design rules 
and performance data of LTFM and in parallel tools for the 
calculation, simulation and design will be available. 
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Fig. 14. The Investigated 3-D FEM of TFPM 

 
Table 1. Estimation by EMC and FEM 

 TFPM 
Analytical Calculation 

(EMCN) 
Numerical 
calculation - 

2-D 3-D 3-D FEM 
Magnetic Energy [J] 0.08 0.081 0.074 
Average Force [N] 8.89 8.959 8.216 

Force Density [N/mm²] 49.4 49.77 45.64 

 




