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CURRENT MODE PERFORMANCE  
OF A TRACTION LINEAR INDUCTION MOTOR  
DRIVEN FROM THE VOLTAGE CONVERTER

Background: The paper deals with the modelling of a traction Linear Induction Motor 
(LIM) for public transportation. Typical problems arising from the electromagnetic finite element 
model development are described. The end effect causes asymmetry of phase impedances of the 
LIM. Because of that, if the LIM is supplied from the voltage inverter, which is usually the case, 
the phase currents become asymmetric. This causes performance calculation discrepancies in 
models that assume phase current symmetry.

Aim: The aim of the paper is to develop a method for calculating the imbalanced three-
phase LIM currents to precisely predict the LIM performance.

Methods: Here, a method is developed to calculate the LIM phase current asymmetry 
by means of a self-developed electromagnetic finite element program – ELMAG, capable of 
adapting mesh generation based on Reynolds, Péclet and skin-depth numbers.

Results: The calculated asymmetric currents are used in a real size traction LIM calculation 
in COMSOL, to derive the performance characteristics for comparison with the results achieved 
when supplying the LLIM with the symmetric three phase current.

Conclusion: These results show that the natural asymmetry of the currents is an important 
factor that must be considered in appropriately calculating the LIM performance.

Keywords: Linear Induction Motor, Finite Element Analysis, eddy-currents, Péclet 
number, voltage supply.

INTRODUCTION

Traction Linear Induction Motor (LIM) has been deployed worldwide in 
driver-less transit systems requiring very short headways for all weather conditions. 
The systems based on LIMs have proven to be, by far, the least expensive in 
operations and maintenance (including energy consumption). Electromagnetic FEA 
(Finite Element Analysis) calculations are crucial to optimizing the LIM system 
performance as they can provide results necessary to construct the mechanical 
characteristic – force versus speed, shaped by the so-called end effect, which further 
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contributes to designing the most efficient controls [1, 2], [13]. To simplify the FEA 
model and to minimize the time to numerical solution, the symmetrical three-phase 
current can be used; however, this does not reflect the reality when the LIM is 
driven from the voltage inverter. This paper shows differences in slip versus thrust 
characteristics between the simplified FEA approach and the one where asymmetry 
of phase currents arises naturally from the real supply conditions.

PROBLEM FORMULATION

Linear induction motors can be found in numerous applications from the 
industrial low power material handling systems to high output military aircraft launch 
equipment and electric transit vehicles. The advanced LIM design must always take 
into account the so called end-effect. This effect, resulting in demagnetization of 
the front-end of the machine, is speed and frequency dependent. Some aspects of 
the end effect evaluation have already been described in literature. 

Typically, the established analytical models of the LIM express the excitation 
currents in the primary coils as infinitely thin current sheets or discrete coils. 
Fig. 1 (left) shows both parts of the typical LIM and Fig. 1 (right) presents its 
3-dimensional model.

The speed and convenience of the analytical computations make the analytical 
model of the LIM an efficient and practical tool capable of rapidly predicting the 
qualitative changes in LIM performance and serves to qualify the selected FEA 
solution method. The discrete coils approach leads to a more realistic model of 
the LIM and allows for representation of spatial harmonics due to discrete current 
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Fig. 1. LIM primary (supplied part) and secondary (reaction rail) [1] – left. 
The 3-dimensional model of the LIM [2] – right
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distribution. However, in recent decades, LIM modeling and analysis started relying 
more on Finite Element Analysis instead of analytical solutions. Due to its finite 
nature, resulting in end-effect, the FEA electromagnetic transient solver is mostly 
applied to carry out computational tasks. However, it has been shown [3] that if 
applied properly, the frequency domain solver FEA simulation can not only validate 
and cross-check the analytical model of the LIM but also establish the validity 
and applicability of the FEA frequency domain solver solution as a preferred 
replacement for the time consuming electromagnetic transient FEA calculations.

Fig. 2 shows some simplified calculation models of the subject LIM which can 
be used for the analytical evaluation of its parameters. The following assumptions 
have been made to the LIM structure in order to simplify the calculation process:

1. Two-dimensional analysis can be used,
2. The iron magnetization curve is linear,
3. The conductivity of the reaction rail is constant,
4. The motion in only x-direction is allowed.

Fig. 2. 2-dimensional models ot the LIM used for the analytical evaluation [3] and [4]

Introducing the vector potential A:

 B = rot A  (1)

and using the usual simplifications one can obtain the following differential equation 
for one component of the complex vector potential (in z-direction) describing the 
magnetic field distribution in the whole region (2-dimensional case):

 
2 2

2 2 ( )A A AJ j A v
xx y

∂ ∂ ∂
+ = µ − + ωσ + σ

∂∂ ∂
, (2)

where A is the z-component of the magnetic vector potential, J is the impressed 
current source density (z-component), ω is the angular frequency of the harmonic 
field, µ and σ are the permeability and conductivity of the medium respectively, 
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and v is the relative horizontal (x-direction) velocity of the medium. Given the 
source’s excitation field in the air-gap, an analytic solution for equation (2) can be 
obtained, following the formalism given in [3, 4].

In some formulations for thin conducting plates, the magnetic field due to 
eddy-currents can be neglected, what leads to the simplification of the problem. It 
is possible for low magnetic Reynolds number, i.e.

 0 1m mRe db= µ σω  , (3)

where ωm denotes the angular frequency of the movement, d denotes the plate 
thickness and b is a characteristic dimension of the plate [5].

The quantity which defines the penetration of electromagnetic field into the 
conducting region is the skin-depth δ:

 2 δ =
ωµσ

. (4)

The magnetic Reynolds number together with the skin-depth give appropriate 
information about the magnetic field penetration into a conducting region and allow 
for the proper choice of the calculation algorithm, either the analytical or purely 
numerical.

LIM FINITE ELEMENT ANALYSIS

The Finite Element Analysis should be applied to determine all important 
parameters of the real LIM. The biggest challenge which must be solved is the 
proper FEA of the penetration of electromagnetic field into the moving and 
conducting region of the reaction rail (in fact the active part of the LIM moves). 
Such modelling and analysis can be extremely difficult and time-consuming. It 
requires the proper choice of the FE mesh what usually leads to very large systems 
of algebraic equations describing the problem and can cause numerical instability.

In the FEA a characteristic (average) size h of finite elements in the conducting 
region of rotating machine can be estimated by the Péclet number [6, 7]:

 
2e
h v

P
σµ

= . (5)

If Pe > 1, numerical instabilities may occur when applying the standard 
Galerkin discretization technique [7]. Reynolds number, skin-depth and Péclet 
number give some indications regarding the FE-mesh size for evaluation of 
sinusoidal fields in moving conducting media. The conditions (4), (5) usually lead 
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to the large number of finite elements in the conducting region, what results in 
long calculation times and can also lead to instability the of numerical calculations. 
These are the reasons necessitating a very careful approach to choosing an FE-
mesh. Additionally, this mesh should be changed according to the actual skin-depth 
value, i.e. for each value of speed and frequency.

In order to check the stability and the accuracy of the computation some 
simplified FE LIM-models have been developed.

Fig. 3, 4 show the exemplary magnetic field distributions within the 
3-phase LIM supplied from the current source (identical currents in all phases) 
obtained by the self-developed calculation program ELMAG. The values of the main 
parameters for the calculation were: µAl = 1.05µ0, µFe = 1000µ0, σAl = 36.59·106 S/m, 
σFe = 10.02 106 S/m, f = 50 Hz, v = 25 m/s. 

Fig. 3. Magnetic field distribution within the simplified model of the LIM and within the 
reaction rail (for nonconducting iron part) for different speed values 

Fig. 4. Magnetic field distribution within the simplified model of the LIM and within the 
reaction rail (for conducting iron part) for different speed values

The skin-depth for above data δFe = 0.71 10–3 m leads to the characteristic 
value of finite elements in conducting iron h ≤ 0.24 10–3 m, but (5) requirement 
says that h ≤ 0,006 10-3 m. This is a very rigorous condition which is very hard to 
fulfil (Al-thickness 4.5 mm, Fe-thickness 25 mm). The coarse finite element mesh 
can cause instabilities and large calculation errors.
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From Fig. 3, 4 it can be seen that the magnetic field distribution on both 
ends of the machine shows typical asymmetry. These end-effects have already 
been analyzed in many papers, both analytically and numerically [8–11], [14]. If 
the machine is supplied from the voltage inverter, this end-effect asymmetry leads 
to the asymmetry of phase currents.

An advanced LIM simulation tool was developed based on finite element 
software, which made it possible to determine all important characteristics of the 
machine, such as forces, power losses, inductances, etc. Fig. 5 shows the results 
obtained by applying the new tool for the above simplified model of the LIM 
(obtained by COMSOL [12]).

Fig. 5a. Thrust of the LIM as a function of slip for different speed values

Fig. 5b. Power losses in the reaction rail as a function of slip for different speed values
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LIM SUPPLY AND CONTROL

Fig. 6 shows a typical supply system of a traction LIM.
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Fig. 6. Typical LIM supply system [2], [13]

The LIM is typically supplied from the voltage inverter converting thrust 
command into current by PWM control. However, as the impedances of the LIM 
are unequal, due to the end-effect, the three phase currents differ in their phase and 
magnitude, producing negative sequence of phase currents, which leads to decreased 
performance. The three phase currents can be equalized by proper voltage control 
if only the LIM impedances were known. The magnetic field calculations shown 
above enable the determination of the self- and mutual-inductances of the LIM 
windings. Because the winding currents are magnetically coupled with one other 
and additionally coupled with induced currents in the reaction rail, these impedances 
are frequency and speed dependent, thus their determination can be very involving. 
The global impedance La (by supplying of all LIM phases) of one winding carrying 
the effective current I can be obtained by calculating the system energy Wm:

 2
2 m

a
WL
I

= . (6)

Calculation of the above inductance for each phase for different speeds 
and frequency values gives the required information about differences of theses 
inductances under different operating conditions. This calculation was performed 
by means of ELMAG and after that the average values of the impedances were 
used in COMSOL field modelling by supplying the LIM with unequal currents 
(voltage mode, approximated method). 

It should be stated here that this algorithm can also be realized directly via 
COMSOL by solving the appropriate voltage equations – results obtained by both 
methods are very similar.
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RESULTS

All above considerations can be used for the proper evaluation of the real 
LIM. Next Fig. 7, 8 show the magnetic field distribution within the subject LIM.

Fig. 7. Magnetic field distribution for v = 0 m/s within the LIM (COMSOL)

Fig. 8. Magnetic field distribution for v = 5 m/s within the LIM (COMSOL)

Comparison of LIM characteristics obtained by COMSOL for the current- 
and voltage supply have been shown in Figs. 9, 10. 

Fig. 9a. Comparison of LIM characteristics obtained for the current-supply
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Fig. 9b. Comparison of LIM characteristics obtained for the voltage-supply

CONCLUSION

The method of calculating phase current asymmetry in LIMs has been 
proposed. The self-developed electromagnetic FEA software, ELMAG, was used 
to calculate phase inductances and in consequence the prospective LIM currents 
when fed from the voltage inverter. The resulting asymmetric currents were then 
applied in COMSOL to simulate the real size LIM performance and compare it with 
the results obtained by feeding the symmetric currents. The same results have also 
been obtained directly by COMSOL These results prove that the natural asymmetry 
of the currents is an important factor that must be considered in appropriately 
calculating the LIM performance.
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