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Flux-Concentration Type Linear Induction Motor
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Abstract—This paper has reported the fabrication and devel-
opment of a novel flux-concentration type linear induction motor
(LIM) based on the effect of flux concentration by eddy: currents,
In-the developed LIM, the leakage flux between the yokes is re-
‘duced and as.a result more flux is concentrated into the air gap. It
is observed from the calculated results using equivalent circuit pa-
f.jrameters and the experimental results that the flux-concentration
type. LIM (FCLIM) has better thrust-characteristics compared to
that of normal type tubular LIM.

Index - Terms—Conducting piate, eddy
flux-concentration, linear induction motor, slit, tnbular induction
motor. |

I. INTRODUCTION

Y HE - DEVELOP ENT of electromagnetic pumps for
pumplng “liqmd sodium in fast breeder reactor” based
f_{:m the' prmmple of the flux-concentration effect has: already
been reported [1]. This paper has reported' the fabrication
and development of a LIM utilizing the effect of flux- con-
centration by eddy currents [2]. The stator construction of
ft.he FCLIM 1s: &1{3 same as that of the ﬂux-cﬂncentratmn type
chectrumagneuc pump. The mover of the FCLIM is made of a
solid cylindrical iron core and either an aluminum’ or-copper
fsleave surmundmg it. The conducting plate mserted between
.;the exciting coils in-each slot is the key element of thIS device.
The leakage flux between the yokes is decreased: and more
?ﬂux 1S canaenﬂated into the air gap, resulting in’ an increase

;Df the developed . thrust. The performance of the. FCLIM and

f;normal tubular LIM are determined using equivalent: circuit
5parameters Experlments are carried out to verify the calculated
?results and” a good agreement 1s found. It is observed from
{the calculated’ and experimental results that the FCLIM has
::bettﬂr thruat-chamctensucﬂ compared to that of nm*mal type

5:tubula:r LIM. The FCLIM is suited for short-stroke. and lower

speed- apphcatmnﬂ like product distribution system transport
of materials, factory automation etc.

11.. CONSTRUCTIONAL DETAILS OF FCLIM; |

“Fig..1 shows: a flux-concentration type 4-pole LIM, which
has an annular-linear configuration. When a three-phase source
:_is': applied, a travelling electromagnetic field is produced in the
air: gap. The:conducting plate, alongwith the exciting. coil of

32 turns is inserted in each of the 12 slots. The cmnductmg plate |
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Fig. 1. Flux-concentration type LIM.
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.Fig. 2. Effect of the copper plate with the shit. .

has an air hole 1n 1ts center and a slit in the radial direction. The
cross-section of the conducting plate is T-shaped. When an ex-

- ternal alternating field is applied, eddy currents are induced n

the conducting plate. The slit as shown m Fig. 2 forces the eddy
currents to flow around the air hole. The induced field due to
this eddy current is directed 1n the same direction as that of the
applied field in the air gap. The plate has high reluctance, there-
fore, the majority of the magnetic flux is flowing through yoke,
air gap and rotor core. Thus the plate with radial slit provides
some sort of magnetic shield which results in reduction of the
leakage tlux between the yokes and concentration of flux into
the air gap resulting 10 an increase of developed thrust. Pig.' 2
shows the effect of conducting plate with the slit.

Six yokes made of laminated silicon steel are arranged radi-
ally. The length and outer diameter of the stator are 678 mm and
280 mm, respectively. The pole pitch is 162 mm. The outer di-
ameter and thickness of the mover pipe is 54.4 mm and 2.5 mm,
respectively. The constructton 1s very rugged and the end-effects
are neglected. The static end effect can be neglected since it does
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Fig. 3. Experimental setup.

Fig. 4. Equivalent circuit of the FCLIM,

not have any end connections and the dynamic end effect can
be neglected considering that the forward end effect wave 1s at-
tenuated by a factor 1/e within 10 percent of the motor length.
Furthermore, the transverse edge effect does not exist due to
- cylindrical construction.

[1I. EXPERIMENTAL SETUP

- The experimental setup used for the purpose of conducting
the experiments is shown in Fig. 3. In order to study the perfor-
mance of the FCLIM at variable frequency operation, a PWM
inverter has been used, the frequency of which 1s smoothly ad-
justable. The input voltage of the FCLIM is adjusted by using
a three-phase voltage regulator, the input of which is connected
to the output of the PWM inverter. The applied voltage, current,
and power are measured with the help of voltmeter, ammeter
and wattmeter respectively. Thrust has been measured with the
help of a load cell.

IV. PERFORMANCE PREDICTION USING EQUIVALENT CIRCUIT
PARAMET_ERS

In order to predict the performance of FCLIM the equivalent
circuit of the normal three-phase induction motor has been
modified and used here [3]. Fig. 4 shows the equivalent circuit
of FCLIM. The mover and the plate are considered as two
secondary windings of the transtormer where the stator winding

acts as primary winding. The parameters of two secondary
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windings can be considered separately and finally leads to the
inclusion in one circuit. The plate impedance will act in parallel
with the mover impedance. Of course there is no slip-dependent
part in the plate impedance. Thus the total impedance of the
circuit is decreased in the presence of the plate. In Fig. 4, 2,
ry and 21, 7, and x,, ri, and x4 are the magnetizing reactance,
stator resistance and leakage reactance, plate resistance and
leakage reactance referred to the stator side, mover resistance
and leakage reactance referred to the stator side, respectively.

The following experiments were performed for the determi-
nation of equivalent circuit parameters of the FCLIM and the
normal tubular LIM.

i) Measurement of stator impedance.

ii) No load test without plate to determine the magnetizing
reactance.

iii) Stalled rotor test with plate and without mover to deter-
mine the plate resistance and leakage reactance.

iv) Stalled rotor test with mover and without plate to deter-
mine the mover resistance and leakage reactance wheun
plates are not used.

v) Stalled rotor test with both mover and plate to determine
the mover resistance and leakage reactance when plates
are used.

After obtaining the equivalent circuit parameters the force

calculations are done as shown below.

The developed thrust

2
Fosgl2m

- 2rfs (D

T is the pole-pitch,
f is the frequency of the supply,
8 1s the slip,
ry,  is the mover resistance per phase referred to the stator
side and
I} is the mover current per phase referred to the stator
side.
The mover current referred to the stator side is calculated
using the equivalent circuit parameters.

For the FCLIM
Vi Ly
I = - (2)
T+ Za) (Z2+ Zy)
For the normal type
i Ly
I, = - - 3
: (Zl + Zr:) (ZZ + Zm) ( )
where,
Z 1s the magnetizing impedance,

Z1 is the stator impedance,

Zo> 18 the mover impedance,

Z, 1sthe equivalent impedance of the parallel combination
of Z,,, plate impedance Z, and Zs,

Zy  1sthe equivalent impedance of the parallel combination
of Z,, and Z,, and

Z. 1s the parallel combination of Z,,, and Z>.
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~ Fig. 5. Comparison of thrust versus voltage characteristics.
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Fig. 6. Standstill thrust versus frequency characteristics.

V. EXPERIMENTAL RESULTS

Fig. 5 shows the thrust versus voltage characteristics of
FCLIM and that of normal tubular LIM when a copper sleeve
1s used as mover. It is evident from these results that for a
constant voltage and frequency the developed thrust in FCLIM
is more than that of normal tubular LIM. Fig. 6 shows the
standstill thrust versus frequency charactenstics for a stator
input voltage of 30 V. Characteristics are shown for both
copper and aluminum sleeve mover. It 1s found that for a fixed
frequency the standstill thrust i1s more in case of FCLIM than
that of normal tubular LIM.

Fig. 7 shows the thrust versus slip characteristics of
FCILIM and normal type tubular LIM at a stator supply
frequency of 40 Hz using copper sleeve as mover. Due to
the flux-concentration effect in FCLIM, the mover leakage
reactance 18 reduced. Thus in FCLIM the maximum thrust
occurs at higher value of slip and gradually decreases as the
slip decreases. It is seen that the maximum thrust for normal
tubular LIM occurs at lower value of shp. It 1s observed that
starting thrust and the thrust for lower speed applications are
more in case of FCLIM than those of normal tubular LIM,

Fig. 8 shows the thrust versus apparent power characteristics
of FCLIM and normal tubular LIM at a stator supply frequency
of 60 Hz using copper sleeve as mover. It is observed that for a
constant input kVA developed thrust is more in case of FCLIM.
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Fig. 7. Comparison of thrust versus slip characteristics (at 40 Hz).
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Fig. 8. Thrust versus apparent power characteristics.

Since the core losses of the FCLIM could not be accurately de-
termined, 1t was not possible to compare the efficiency of the

FCLIM to that of normal tubular LIM.

YI. CONCLUSIONS

This paper has presented the construction and pertormance
of a novel flux-concentration type LIM. From the experimental
and calculated results 1t can be concluded that due to the ef-
fect of flux-concentration in FCLIM, the leakage flux is reduced
considerably and the air gap flux is increased. For a constant
input kVA the developed thrust is more in FCLIM than that of
normal type tubular LIM. The close agreement between the ex-
perimental results and calculated results using equivalent circuit
parameters has confirmed the validity of the developed equiva-

lent circuit of the FCLIM. The developed FCLIM is best suited
tor short-stroke and lower speed applications.
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