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Abstract. This paper presents a 3D finite element model 
of a linear switched reluctance motor (LSRM) in which the 
influence of the mesh size, the finite element order and the 
way of modelling the winding coils is analysed. The windings 
are modelled as a massive coil and as a discrete coil. The 
output parameters analysed are the propulsion force and the 
flux linkage. These parameters are compared with the 
experimental results measured from a LSRM prototype. 
Finally, the LSRM is modelled and analysed by means of a 
2D-FEM model and the results are compared with the 3D-
FEM and the experimental results. 
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1. Introduction 

LSRMs are being the object of recent studies [1] [2] 
Their simplicity and robust structure make the LSRM a 
good fault tolerant device which in turn make LSRMs a 
competitive alternative in front of linear permanent 
magnet machines despite of their lower power/weight 
ratio (W/kg).  The introduction of new control methods 
that improve the torque ripple in both, rotating and 
linear machines [3] makes necessary the knowledge of 
the magnetic characteristics �(�, �) in the different pole 
positions (x) and currents (i) Improvements in the 
results of torque and force make possible the 
introduction of switched reluctance motors in fields 
such as the electric car [4] and industrial automation [5] . 
 
 
 

 

 

Figure 1. 3D-FEM model 4-phase LSRM. 

 
2. Mathematical model 

In order to implement a control strategy on the LSRM, 
it is required to know the flux linkage characteristic 
� = �(�, �), which is required to solve the state 
equations (1) (2) (3). Figure 2 shows the equivalent 
electric circuit per phase of a LSRM. 

 

Figure 2. Phase equivalent circuit. 
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Where �[V·s] is the flux linkage, R[Ω] phase 
resistance, v[m/s] lineal speed, M[kg] translator weight, 
FL[N] the load, Fr[N] friction force and Fe[N] 
electromagnetic propulsion force. 
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The control system has to activate the phases in the 
optimal positions where the force is maximum and the 
torque ripple is minimum. For this reason, it is essential 
to know with high precision the magnetic flux linkage 
characteristic.  

Several authors have contributed to obtain the magnetic 
characteristic. In [6]   an analytical lumped-parameter 
model is presented in which the end-effects are 
analytically and 2D-FEM approached. In [7] a detailed 
study of the end-effects in a SRM is presented. Also in 
[8] the influence of the end-effects on the propulsion 
force of a LSRM by means end-winding correction 
factor deduced from an analytical and 2D-FEM model 
is analysed.  



3. 3D FEM model 

In order to calibrate the model 3D-FEM, it has been 
analyzed with different mesh sizes, different order of 
finite elements and different ways of modelling the 
winding coil. The analysis of LSRM has been done with 
FEM software 3D Flux ®. Unlike in a 2D study, our 3D 
model takes into account the influence of end-winding 
and the transversal effects [9]. 

Table I shows the LSRM main dimensions. The 
magnetic characteristic is computed varying the current 
density (J) applied from 1 to 20 A/mm2 with increments 
of ΔJ=1 A/mm2. The analysis has been made for 
different translator positions (x) from the unaligned 
position (x=0 mm) to the aligned position (x=Ts/ 2).  

TABLE I 
LSRM main dimensions 

m Number of phases 4 
bp Primary pole width 6 mm 
cp Primary slot width 6 mm 
Tp Primary pole pitch 12 mm 
Np Number of active poles per side 4 
lp Primary pole length 30 mm 
bs Secondary pole width 7 mm 
cs Secondary slot width 9 mm 
Ts Secondary pole pitch 16 mm 
Ns Number of passive poles per side 6 
ls Secondary pole length 7 mm 
hy Yoke length 8 mm 
LW Stack length 30 mm 
N1 Number of turns per pole 11 
dc Wire diameter 2.1mm 
g Air gap length 0.5 mm 

PS Pole stroke 4 mm 

 

A.  Propulsion Force analysis 

1) Massive Coil Model  

The massive coil is defined by assigning to its volume 
the physical properties of the conductor material 
(conductivity:	3 [S/m]), the slot fill factor (Kv) and the 
number of turns (N1). Figure 3 shows the 3D-FEM 
meshed model, where the mesh size is particularly 
defined for three regions, the pole tips in the air-gap 
region, the coil volume and the rest of the volumes (air 
and steel). Figure 4 shows the force results obtained 
using first order elements and for different mesh sizes. 
The mesh size for the regions is 2 mm, 5 mm and 10 
mm in the air and steel volumes, 0.5 mm, 1 mm, 2 mm 
in the air-gap pole tips surfaces and 5 mm in the coil 
volume as it is shown in Table II. As it can be seen in 
Figure 4, the results improve as the mesh size is reduced 
in the pole tip surface, but less effective is the mesh 
reduction in the other volumes, although this is not 

enough to reasonably fit the experimental 
measurements. 

Figure 5 shows the force results for 2nd order elements 
using different mesh sizes (see Table III). As it can be 
seen the simulation results using 2nd order elements 
have improved notoriously the results, since the 
difference between experimental and simulation results 
is below 8% for a mesh size smaller than 2 mm in the 
air-gap pole tip. 

It is important to note that computing time is clearly 
higher for second order elements, and it is exponentially 
increasing when the mesh size in the pole-tip is smaller 
than 1 mm.  

The mesh size chosen hereafter in the 3D-FEM Flux® 
model is 1mm for the pole tip, 10 mm for air and steel 
volumes and 5 mm for the coil volume. The number of 
simulation points taken for the current density (J) are 20 
and for the position (x) are 33. Under these conditions 
the total computing time has been of 79 hours. 

 

Figure 3. 3D-FEM model for the LSRM meshed with massive 
coil. 

 

 

Figure 4. Comparison force results for different mesh size 
with 1st-order elements and J=20 A/mm2. 

 
 



TABLE II 

Mesh size, nodes and compute time for  1st  order 
Elements  

Pole-tip  
(mm) 

Air-Steel 
(mm) 

Coil 
(mm) 

Number 
of nodes 

Computing 
Time 

2 10 5 25200 1  min 

1 10 5 42500 1min 52 s 

0.5 10 5 102952 5 min 50 s 

2 5 5 112191 5 min 45 s 

1 5 5 150518 6 min 26 s 

0.5 5 5 271134 14 min 45s 

2 2 5 1248126 1 h 43 min 

1 2 5 1429775 2 h 3 min 

0.5 2 5 1848945 3 h 7 min 

 
 

 Figure 5. Comparison force results for different mesh sizes 
with 2nd-order elements and J=20 A/mm2. 

 

TABLE III 
Mesh size, nodes and compute time for 2nd  order 

Elements 

Pole-tip  
(mm) 

Air-Steel 
(mm) 

Coil 
(mm) 

Number 
of nodes 

Computing 
Time 

3 12 5 137369 1  min 40 s 

2 12 5 162049 2 min 10 s 

1 12 5 291131 6 min 7 s 

0.5 12 5 762110 49 min 25 s 

3 10 5 180084 2 min 20 s 

2 10 5 220805 2 min 50s 

1 10 5 362914 7  min 10s 

0.5 10 5 982486 51 min 15s 

 

2)  Discrete Coil Model  

In order to improve the results obtained from the 3D-
FEM simulation model, it is proposed to model the coil 
discretely, it means wire by wire, since the number of 
turns is reduced (N1=11esp). Figure 6c shows the semi-
stator windings of the prototype built, figure 6a shows 
the 3D-FEM model with massive coil, and figure 6b in 
discrete coil. Figure 6d shows the 2D-FEM model. 

 a) b) 

c) 
 

d) 

Figure 6. Semi-stator windings. a) 3D-FEM massive coil, b) 
3D-FEM discrete coil, c) prototype,  d) 2D-FEM discrete coil. 

Figure 7 shows the comparison of results for the 
propulsion force obtained from the simulations using 1st  
order elements, 2nd  order elements both with massive 
coil and 2nd  order elements with discrete coils. As it can 
be seen, for the same mesh sizes simulation results fit 
better the experimental results when the discrete coil 
model is used. 

Figure 7. Comparison force results J=20 A/mm2. 

B.  Magnetic flux linkage 

Figure 8 shows the comparison between experimental 
results between and the two cases studied, these are the 
massive and discrete coils models for the same mesh 
size used in figure 7. Experimental results of flux 
linkage were obtained applying the methodology 
explained in [10]. 

 

Fig. 8. 3D-FEM Magnetic flux linkage comparison results. 



In the 3D-FEM discrete coil model the linked flux is 
computed by means the sum of the flux through each 
inner surface of each wire. Equation 4 gives the sum of 
magnetic flux in each of inner surface of the 
per pole and four poles per phases activated.
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The results obtained are exactly the same
given by the software Flux®3D when using a sensor 
which computes the flux through a coil conductor

4. Comparison Results 3D-2D FEM 

This section presents the results of the 3D
discrete coil model (see Fig.6b) compared with the 2D
FEM discrete coil model (see Fig.6d). 
are 1 mm (pole-tip), 10 mm (air-steel), 5
the 3D FEM and 1 mm in the air and 0.5
and coils for the 2D-FEM. The same LSRM analysis 
solved with Flux®3D has been performed with FEMM 
4.2, public licence software developed by 
Meeker. The aim of the study is to compare the results 
of the 2D and 3D simulations. Another important factor 
to take into consideration is the computing time 
by each software to solve the problem. I
errors compared to the experimental measure
can be committed. In this case, the computing time to 
solve the full problem with FEMM 4.2, that is, 660 
iterations have been of 22 hours, which indicates that 
for each interaction the computing time has been about
2 minutes.  

All the computations presented in this paper have been 
done with a PC microprocessor Intel Core TMi7@860 
2.80 GHz 16 GB RAM. 

A.  Propulsion Force 

Fig. 9. Propulsion force comparison results.

As it can be seen in Figure 9, the propulsion
results solved by software 2D-FEM and 3D
the current densities 5 and 10 A/mm2 are practically the 
same. For high current densities, 15 to 20 A/mm
(saturation conditions), the propulsion force re
the 2D-FEM model (see fig. 9) are slightly higher due to 

FEM discrete coil model the linked flux is 
computed by means the sum of the flux through each 

gives the sum of 
magnetic flux in each of inner surface of the N1 wires 

our poles per phases activated. 
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force comparison results. 

propulsion force 
FEM and 3D-FEM for 

are practically the 
same. For high current densities, 15 to 20 A/mm2 
(saturation conditions), the propulsion force results in 

) are slightly higher due to 

the fact that the 2D-unaligned inductance is lower (it 
does not account for end-effects) which means a higher 
energy conversion area (see fig.

B. Magnetic Flux Linkage 

The 2D-flux linkage is calculated by means of equation 
5, the lack of the end-winding coil allow us to integrate 
the magnetic potential vector (
where the current is positive and subtract the integral of 
A over the surface Scu- where the current is negative. 
The result is the weighted flux linkage over the whole 
surface Scu. For obtaining the total flux linkage, it has to 
be multiplied for the total number of wires, which are 
4·N1 and the stack length Lw

(5) 
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Figure 10 shows the comparison results between the 2D 
and 3D FEM models for the unaligned and aligned 
positions. The 2D-linked flux is lower due to the fact 
that this model does not account for end
linkages. This effect is more pronounced for the 
unaligned position due to higher reluctance of the air
gap which produces an expansion of the fringing flux
This is only computed in the 3D FEM model, and it fits 
well the experimental measurements.
are clearly shown in figure 11

Fig. 10. Magnetic flux linkage

Fig. 11. Magnetic flux linkage versus position

unaligned inductance is lower (it 
effects) which means a higher 

energy conversion area (see fig. 10). 

flux linkage is calculated by means of equation 
winding coil allow us to integrate 

the magnetic potential vector (A) over the surface Scu+, 
where the current is positive and subtract the integral of 

where the current is negative. 
The result is the weighted flux linkage over the whole 

. For obtaining the total flux linkage, it has to 
tal number of wires, which are 

w as it is given in equation 
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shows the comparison results between the 2D 
and 3D FEM models for the unaligned and aligned 

linked flux is lower due to the fact 
does not account for end-winding 

linkages. This effect is more pronounced for the 
position due to higher reluctance of the air-

gap which produces an expansion of the fringing flux. 
his is only computed in the 3D FEM model, and it fits 

the experimental measurements. These end-effects 
11. 

 

. Magnetic flux linkage versus current density. 

 

. Magnetic flux linkage versus position. 



5. Conclusions 

The present study shows that the order element (1st -2nd) 
and mesh size are key parameters in the modelling 
process of an electromagnetic device. They influence 
considerably in the quality of the linked flux and 
propulsion force results, especially in the zones where 
the magnetic flux variation is higher, as it is the air gap 
and the pole tips. Another factor that affects the force 
and flux results is the way in which the coils are 
modelled, especially in those cases where the number of 
coils are reduced and, in consequence, there are 
important gaps in the slot. The 2D-FEM model provides 
lower precision in the results than the 3D-FEM model. 
However, the time needed for computing is 73% lower 
in 2D-FEM software than in the 3D-FEM one. This fact 
still makes the 3D-FEM models too slow for an 
optimization process and. therefore. it is recommended 
to use them in the final design stage only.On the other 
hand, 2D-FEM models are a powerful tool to make 
iterative optimization process.  

Acknowledgement  

This work has been supported by the Spanish Ministry 
of Economy and Competitiveness under the project 
number DPI2010-16481. The authors also appreciate 
the support received from INDIELEC on Flux® . 

References 

[1] Zhao S. W., Cheung, N.C., Wai -Chuen Gan; Jin Ming 
Yang; Jian Fei Pan, “A Self-Tuning Regulator for the High-
Precision Position Control of a Linear Switched Reluctance 
Motor”, IEEE Transactions on Industrial Electronics, vol.54, 
no.5, pp.2425-2434, Oct. 2007. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[2] Lim, H.S., Krishnan, R., and Lobo N.S., “Design and 
control of a  Linear Propulsion System for an Elevator Using 
Linear Switched  Reluctance Motor Drives”. IEEE Trans. on 
Ind. Electron., vol. 55, no.  2, pp. 534-542. 2008. 

[3] Xiangdang Xue; Cheng, K.E.; Zhu Zhang; Jiongkang Lin; 
Cheung, N., “A Novel Method to Minimize Force Ripple of 
Multimodular Linear Switched Reluctance Actuators/Motors”, 
Magnetics, IEEE Transactions on , vol.48, no.11, 
pp.3859,3862, Nov. 2012 

[4]  Szabo, L.; Bentia, I.; Ruba, M., “A rotary-linear switched 
reluctance motor for automotive applications,”  XXth 
International  Conference on  Electrical Machines (ICEM), 
2012, vol., no., pp.2615, 262,2-5Sept.2012. 

[5] D’hulster F., Stockman K., Belmans  R. J. M., “Modelling 
of  Switched Reluctance Machines: State of the Art” 
International Journal  of Modelling and Simulation, vol. 24, 
no. 4, pp. 216-223, 2004. 

 [6]  Amoros, J.G.; Andrada, P., “Magnetic circuit analysis of 
a  linear switched  reluctance motor”,  13th European 
Conference on Power Electronics and Applications, 2009. 
EPE '09., vol., no., pp.1,9,  8-10 Sept. 2009. 

[7] Sofiane, Y.; Tounzi, A.; Piriou, F.; Liese, M., “Study of 
head winding effects in a switched reluctance machine”,  
IEEE Transactions on Magnetics, vol.38, no.2, pp.989,992, 
Mar 2002. 

[8] J. Garcia-Amorós, P. Andrada. “Study of end effects on 
the  performance of the linear switched reluctance motor”, XI 
CHLIE,  Zaragoza 2009. 

[9] Zhu Zhang; Cheung, N.C.; Cheng, K.W.E.; Xue, X.D.; 
Lin, J.K., "Longitudinal and Transversal End-Effects Analysis 
of Linear Switched Reluctance Motor”,  IEEE Transactions on  
Magnetics, vol.47, no.10, pp.3979,3982, Oct. 2011. 

[10] Bausch, H.; Kanelis, K.; “Feedforward Torque Control of 
a Switched Reluctance Motor Based on Static Measurements”, 
European Transactions on Electrical Power ETEP Vol.7, no.6 
November/December 1997  

 

 


