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This paper presents size reduction of primary iron core for tubular linear induction motor by improved wind-

ing configuration. Using one-ampere conductor method, magnetic field analysis of tubular linear induction

motor for size reduction is conducted. Size reduction and improvement of air gap flux distribution is achieved

by improved winding configuration, and analysis results are verified by finite element analysis (FEA) and

experiments. 
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1. Introduction

Rotary type induction motors are generally used in

industrial machines but applying rotary type motor to

linear motion system is limited. Additional mechanical

loss is generated by mechanical friction such as gear, ball

screw and belt using rotary motor in linear moving

systems, then complicated circuit composition problem

occurs and efficiency in economical point of view is not

reasonable. Various designs of linear motors are studied

to overcome such limitations of rotary machines. One of

them is the short primary member tubular linear induction

motor (TLIM) [1, 2]. Fig. 1 shows the structure of TLIM.

The primary core in TLIM is made of several disc or

transversal lamination of ferromagnetic material. The

main advantages of the TLIM are that it is rugged and

easy to build. Because of TLIM is used at a very low

speed, the dynamic end effects are negligible and the

static end effect can be minimized by good design [3, 4].

The fundamental principle of thrust force generation in

linear magnetic motor is generally identical to common

rotary type motor, however the length of primary iron

core is limited. Therefore distribution of ideal winding is

not possible, even with ideal distributed winding, the flux

distribution in the air gap placed in the ends of primary

iron core is lower than magnetic flux density in the air

gap placed of the primary core center [5].

An improved winding configuration is introduced, which

improve magnetic flux density distribution in the primary

core ends and leads to the size reduction. By shifting

single layer of conductors, double layer of conductors are

constructed and total length of primary core is reduced

with improved magnetic flux density distribution.

For the magnetic field calculation, one-ampere conductor

method is introduced and verified by finite element method

using axi-symmetry analysis and experiments.

2. Analysis Theory

2.1. Field calculation by one ampere conductor

Magnetic flux density distribution in the air gap is the
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most important motor parameter. In order to calculated air

gap magnetic flux density distribution, flux distribution

by one conductor element corresponding to unit excitation

of stator magneto motive force is calculated then total

magnetic flux density distribution is calculated considering

space and time distribution of total conductor. Assump-

tions for analysis are;

1) Relative permeability of primary and secondary core

are infinite, also there are no saturation in the cores. 

2) Fringing effect of magnetic flux is not considered. 

3) Conductivity of secondary reaction plate and secondary

conductor are zero

4) Primary core except for place that conductor is located

is smooth core which is corrected by carter coefficient.

Fig. 2 presents the concept of one-ampere conductor

method and flux distribution. Magnetic flux density distri-

bution can be calculated by equation (4) with given geo-

metry in Fig. 2. In Fig. 2(a) total reluctance is shown

following equation (1) when reluctances of left and right

side of ZP are relatively defined as RL and RR.

R = RL + RR

  = (1)

where g is mechanical clearance.

On the other hand, if cross-section area of flux path is

S, corresponding path is expressed by equation (2). There-

fore, magnetic flux density of left and right side by the

standards of ZP, BL and BR, is expressed by equation (3)

and (4) [6].

F = NI = RΦ

 = R (2)

(3)

(4)

2.2. Field calculation by multiple conductors

In order to consider slot effect, Carter coefficient is used.

,

(5)

where, d is thickness of reaction plate, ts is slot pitch, ws

is tooth width.

Air gap magnetic flux density by two current carrying

conductors is calculated by superposition of air gap mag-

netic flux density due to each current carrying conductor

with equation (3) and (4).

When n- conductors are distributed in the slots along L,

magnetic flux density in the air gap can be expressed as

equation (5).

(6)

where, m is phase number, sn is slot number respectively.

Applying for Fourier series expansion to magnetic flux

density by single conductor,

(7)

where, h is harmonic order.

Then magnetic flux density distribution due to total

conductors is

(8)

2.3. Force calculation

Analytical solutions for force calculations are well

established in previous researches equation (9) [1, 2].

(9)

where, ae is effective stack length of primary part, 

is eddy current density in reaction,  is complex

conjugate of resultant magnetic flux density.

Normal force consists of attraction and repulsion force.

Attraction and repulsion force can be calculated by equa-

tion (10) and (11). Resultant normal force is equation (12).

g

μoZp

----------- + 
g

μo L Zp–( )
-------------------------

B S⋅( )

BL = μo
Ni

g
------

L Zp–

L
--------------×

BR = μ– o
Ni

g
------

Zp

L
-----×

g′ = goKc, go = Kc g d+( )

Kc = 
ts 5go ws+( )

ts 5go ws+( ) ws

2
–

-----------------------------------------

Bp z( ) =  
k 1=

m

∑ BLK +  
k m 1+=

sn

∑ BRK

= −
μ0

g′L
--------  

k 1=

m

∑ Ni( )kzk + 
μ0

g′L
--------  

k m 1+=

sn

∑ Ni( )k L zk–( )

Bp z,t( ) =  
k 1=

∞

∑
2μ0Ni t( )
hπg′

---------------------- sin
hπ
L
-------zp⎝ ⎠

⎛ ⎞ cos hπ
L
--------z

Bp z,t( ) =  
k 1=

∞

∑  
p 1=

sn

∑  
v 1=

m

∑
2μ0Niv t( )

hπg′
------------------------ sin

hπ
L
-------zp⎝ ⎠

⎛ ⎞
⎝ ⎠
⎛ ⎞ coshπ

L
------z

Fz = −aeμ0d Re  
0

∞

∫ J2 z( ) H⋅ z( )*dz

J2 z( )
H z( )*

Fig. 2. Air-gap flux density distribution by one ampere con-

ductor element.



− 48 − One-Ampere Conductor Method for Tubular Linear Induction Motor for Size Reduction… − Byeong-Hwa Lee et al.

(10)

 (11)

(12)

3. Improvement of Winding Configuration

3.1. Analysis model

General winding method of TLIM is single layer of

conductors at the end region and double layer at the other

regions. In addition, magnetic flux density at the each

side of end region decreases.

Fig. 3 shows the concept of size reduction with stator

winding variation. Fig. 3(a) shows the general 15 slot

TLIM, and Fig. 3(b) shows the method. Winding distri-

bution in both stator ends, c-phase winding placed can be

replaced by the sum of A-phase and B-phase conductor.

Therefore, two slots in the stator end region become empty.

Then, single layer of both stator ends filled with A-phase

and B phase. Finally, empty slots are removed and stator

length is reduced. In addition, flux densities in the stator

end regions are improved.

One-ampere conductor method is used for the calcula-

tion. Fig. 4(a) and Fig. 4(b) show top view and the

dimension of prototype model and improved model.

Table 1 shows the specifications of analysis model.

4. Verification

4.1. Verification by FEA

Fig. 5 shows the flux distribution of 13 slot model from

FEA. Fig. 6 and Fig. 7 show the comparison of air gap

magnetic flux density from FEA and one-ampere con-

ductor method (ACM) of 13 slot and 15 slot model. In the

analysis, balanced 3-phase is assumed and corresponding

phase current is applied. Up to 10th harmonic is consider-

ed for magnetic flux density calculation in the ACM at 0

Fan = −aeμ0  
0

L

∫ H z( )2 dz

Fnr = −aeμ0d Re[  
0

L

∫ Jnf exp jβnz–( )

+ Jnb exp jβnz( )*dz]

Fn = Fan + Fnr

Fig. 3. Concept of stator size reduction and winding distri-

bution.

Fig. 4. Dimension of 13 slot and 15 slot model.

Table 1. shows the specifications of analysis model.

Items Values

Pole number / Slot number 4 / 15 

Phase number 3

Input frequency (Hz) 7 

External diameter / Internal diameter (mm) 163.0 / 53

Stack length (mm) 176.5

Air-gap length (mm) 2.5

Turn number per a phase 76

Thickness of secondary conductor (mm) 2.0
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slip according to phase. From equation (8), air gap mag-

netic flux density wave form is dependent to harmonic

number, as harmonic order increased, magnetic flux den-

sity waveform reaches to rectangular form. Therefore, ap-

propriate number of harmonic component should be chosen.

In the analysis results, up to 10th harmonics are consider-

ed. Considering simplicity, presented analysis method is

very effective.

4.2. Verification by measurements

According to improved winding method, turn number

per a phase and interval of coil are different. Thus, volt-

age source analysis is necessary due to unbalance of im-

pedance of phase compared with general induction motor.

However, in case of analysis model, motor is operated at

low speed, therefore, unbalance of phase current is reduced.

Fig. 5. Flux distribution of 13 slot model.

Fig. 6. Air gap magnetic flux density of 13 slot model.

Fig. 7. Air gap magnetic flux density of 15 slot model.

Fig. 8. Fabricated TLIM.

Fig. 9. Comparison of thrust force according to slip.
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Therefore, analysis is conducted with current source ana-

lysis.

Fig. 8 shows fabricated 13 slot model motor. In case of

13slot model, improvement of magnetic flux density is

found in the core ends, while little difference is found in

core center. 

Fig. 9 shows the thrust force comparison of 13 and 15

slot models. Measurements are conducted with dc power

supply calculated values follows the experiments well. In

the high slip region, improvements are found in 13 slot

model, however, in the low slip region, 15 slot model has

better performance. Considering further performance im-

provement from optimal design, it is expected that 13 slot

model can provide better performance than 15 slot models

with reduced stator size.

5. Conclusion

In this paper, simple calculation method for magnetic

flux density distribution; one-ampere conductor method is

introduced and winding configuration for size reduction is

presented. With one-ampere conductor method, magnetic

flux density distribution of tubular linear induction motor

is effectively estimated. Suggested improved winding

configuration enables to reduce stator size from conven-

tional windings. Comparative analysis on resultant air gap

magnetic flux density distribution was carried out. Ana-

lysis results are verified by FEA with axi-symmetric

formulation and experiments.

References

[1] I. Boldea and S. A. Nasar, Linear Motion Electromagnetic

System, Wiley, New York (1976).

[2] B. T. Ooi and D. C. White, IEEE Trans. Power Apparatus

Syst. 89, 638 (1970).

[3] S.-M. Jang, J.-Y. Choi, H.-W. Cho, and S.-H. Lee, KIEE

International Transaction on Electrical Machinery and

Energy Conversion Systems 5B, 154 (2005).

[4] D. Deas, P. Kuo-Peng, N. Sadowski, A. M. Oliveira, J. L.

Roel, and J. P. A. Bastos, IEEE Trans. Magn. 38, 1165

(2002).

[5] R. Haghmaram and A. Shoulaie, “Study of Traveling Wave

Tubular Linear Induction Motors”, International Confer-

ence on Power System Technology (2004).

[6] W. J. Jeon, M. Tanabiki, T. Onuki, and J. Y. Yoo, “Rotary-

Linear Induction Motor Composed of Four Primaries with

Independently Energized Ring-Windings”, IEEE Industry

Application Society Annual Meeting (1997).


