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Abstract: This paper studies Single-sided linear induction motor (SLIM) which can be used to motivate in a levitation
railway transportation system. The rotary motor is cut out and laid flat to form the equivalent linear induction motor. Linear
induction motors (LIM) are used in many different applications, from slow moving sliding doors to high-speed trains around
the world. The primary goal is to analyze a small laboratory sized single-sided linear induction motor (SLIM) for educational
aid. This research describes the design and construction of the 100 W rating stator component of a SLIM. SLIM consists of
stator and rotor. The stator can supply 20 V and 5 A. It is built with iron laminations; having 6 poles and wound with a double
layer type. The rotor is coated with aluminum and attached with six permanent magnets. This rotor is located on top of the
aluminum track. A SLIM model of specified parameters is designed using a user-interactive MATLAB program. The
performance curves of the SLIM i.e., thrust and efficiency, are drawn and then analyzed for target thrust and different rated
slips. The effect of parameters of the SLIM such as air-gap, thickness of permanent magnet and the number of poles on the

performance of SLIM are analyzed and the results are also discussed.

Keywords: Single-Sided Linear Induction Motor (SLIM), Stator, Rotor, Magnetic Levitation, Permanent Magnet

1. Introduction

Linear motors potentially have unlimited applications.
Linear induction motors (LIM) alone have found application
in the following general areas: conveyor systems, material
handling and storage, people movers, liquid metal pumping,
accelerators and launchers, machine tool operation, airport
baggage handling, opening and closing drapes, operation of
sliding doors and low and medium speed trains. For low
speed applications both flat and tubular linear induction
motors (TLIM) are suitable. The single-sided linear induction
motor is by far the most widely used linear motor.

A flat or single-sided LIM i.e., a SLIM, is obtained by the
imaginary process of “cutting” and “unrolling” a rotary
induction motor. In practice, the primary or stator of a LIM
consists of a rectangular slotted structure (E type) formed by
a stack of steel laminations. Within the slots of the primary
stack are laid the poly phase windings to produce the linearly
traveling magnetic field, just like the rotating magnetic field
in a rotary induction motor, produced by the poly phase stator
windings. The secondary of the LIM, or rotor, which is an

permanent magnet (or electromagnet), completes the
magnetic circuit and creates the magnetic flux linkage across
the air gap. This in turn induces a voltage on the conductive
wall, which generates an eddy current in the conducting outer
layer of the secondary. The interaction between the eddy
current and the changing electromagnetic field generates
electromagnetic thrust on the plate in the longitudinal
direction of the motor [1-2].

2. Linear Induction Motor Configuration

A flat or single-sided LIM i.e., a SLIM, is obtained by the
imaginary process of “cutting” and “unrolling” a rotary
induction motor. In practice, the primary or stator of a LIM
consists of a rectangular slotted structure (E type) formed by
a stack of steel laminations. Within the slots of the primary
stack are laid the poly phase windings to produce the linearly
traveling magnetic field, just like the rotating magnetic field
in a rotary induction motor, produced by the poly phase stator
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windings.

The secondary of the LIM, or rotor, which is an permanent
magnet (or electromagnet), completes the magnetic circuit
and creates the magnetic flux linkage across the air gap. This
in turn induces a voltage on the conductive wall, which
generates an eddy current in the conducting outer layer of the
secondary. The interaction between the eddy current and the
changing electromagnetic field generates electromagnetic
thrust on the plate in the longitudinal direction of the motor
[1-4].

Induction machine operates on the same principle as the
conventional rotary motor. The rotary motor is cut out and
laid flat to form the equivalent LIM. Nothing has changed,
only the direction of motion has changed. A linear induction
motor is basically a rotating squirrel cage induction motor
opened out flat, as shown in Figure 1. Instead of producing
rotary torque from a cylindrical machine it produces linear
force from a flat one. Depending on the size and ratings of
the LIM, they can produce thrust up to several thousands
newtons. The speed of the LIM is determined by the winding
design and supply frequency.
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Figure 1. Imaginary Process of Obtaining a LIM from its Rotary
Counterpart [19].

3. Design Procedure
3.1. Stator Design

The stator design is limited to the available laminations,
stator length and number of poles. These are the laminations
that were purchased at the time for this project as shown in
Figure 2. Figure 3 displays the dimensions of the
laminations; each lamination is 0.6 mm thick [5-10].
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Figure 2. A Single Lamination.
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Figure 3. Dimensions of Single Lamination (m).

The stator length cannot be any longer than 0.533 m. Each
piece of lamination thick is 0.0002 m, about 2340 laminations
place side by side to one another makes up a total length of 0.5
m (0.0002 x 2340). To keep the stator construction
symmetrical and to increase strength, the next layer will be
arranged in the opposite layout of the previous layer. There are
a total of 2340 lamination sheets available for construction.
With this arrangement, 2340 laminations contribute to 130
layers. The width of the stator is 0.08 m excluding the glue that
holds it together (7 mm glue). Each layer is glued together
with an adhesive spray. Once 130 layers are filled up on the jig
with glue, they are compressed firmly to ensure an even
distribution of glue. Any glue squeezed out through the sides is
cleaned with a cloth. Finally the 18 sets of 130 layers are glued
together and compressed as shown in Figure 4.

For linear movement along the stator, the rotor needs to be
attached to wheels for guidance. The wheels must be of
adjustable height, so that the air gap distance can be varied
for various experiments. The wheels must be strong enough
to withstand any lateral forces produced.

Stack of Iron Cores

Figure 4. 2340 Layers of Stator.

For this project, SLIM might contain six poles along its
length and be wound with one slots/pole/phase. This linear
induction motor would have a total of 18 coils for the three
phases as shown in Figure 5. There are three alternatives to
connect these coils [11]:

(1) Each 6 coils in series to form the one set of group

(i) All total 18 coils in series to form the three sets of

groups

(ii1) Three sets of groups in star connection

When LIM is designed, the designer aims for maximum
economical flux density. Short primary LIM tends to favor
series connections; this is to avoid any over-heating of the
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coils nearest to the ends of the machine. While short
secondary LIM generally prefers the parallel connections, to
enable a reasonable working flux density in the active
section. The stator will be supplied with 3-phases star
connection, due to the simplicity of the circuit connection. A
connection with delta configuration will require wires
running externally around the stator to join up each phase.
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Figure 5. All Total 18 Coils of Groups in Star Connection.

3.2. Reaction Plate Design

The reaction plate design can consist of either a solid or
laminated design.
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Figure 6. Secondary [19].
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Figure 7. Permanent Magnets with Reaction Plate.

To improve performance, the reaction plate is coated with
a conduction sheet of either aluminum or copper as shown in
Figure 6 and Figure 7. In a SLIM configuration, the
secondary component is an important segment of the LIM
magnetic circuit. The SLIM performance is greatly degraded
if the reaction plate is solid instead of laminations. With
laminated reaction plate, the eddy current carried by the
laminations and the resulting ohmic losses, and the thrust are
both small enough to be ignored. The amount of thrust
produced by the SLIM will depend on the permeability of the
reaction plate; lower permeability will result in lower thrust
and poor power factor. Different materials will be used as the
reaction plate to test exactly how this affects the amount of
thrust produced.

For standard operation, the reaction plate should not be
any less than 2 mm thick. The attached permanent magnet
should not be any less than 6 mm thick. The best thrust /size
ration is obtained when the width of the secondary is related
to the core width.

W, :WS+2 (1)
T
Where;
Wi = width of secondary
W, = width of stator
T = pole pitch
The width for the reaction plate = W+ 2t/n
=0.08 m (+7 mm for glue) +2 X0.089 m/x
=0.14m
Laminations are used to prevent any unwanted and
wasteful induction action taking place between the primary
winding and the reaction plate of the magnetic circuit. Figure
7 illustrates the possible laminations arrangements. For any
given direction of flux there are two planes in which the
reaction plate can be laminated, and one which cannot. It
would be expensive and time consuming to build two
separate reaction plates with the possible laminations
arrangements. The reaction plate will either be laminated in
either the first or second option.

Table 1. Design Parameters of SLIM at 10% Slip, Target Thrust 40N

No Description Symbol Design 1 (20V)
1 Slots per pole per phase Qi 1

2 Yoke flux density (tesla) Bymax 0.4

3 Tooth flux density (tesla) Bimax 0.6

4 Core width (m) Wi 0.08

5 Electrical frequency (Hz) f 25

6 Air gap (m) g 0.003

7 SLIM synchronous velocity (m/s) Vi 4.444

8 Rotor velocity (m/s) V. 4

9 No. of poles p 6

10 Pole pitch (m) T 0.089

11 Slot pitch (m) A 0.03

12 Stator Length (m) 1Ly 0.533

13 “Target” thrust (N) F. 40

14 Number of turns per slot N 22

15 Number of turns per phase Ny 132

16 Copper wire size in winding - 19 SWG
17 Diameter without insulation (mm) Dy 1.02
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No Description Symbol Design 1 (20V)
18 Slot width (m) Ws 0.012
19 Tooth width (m) Wi 0.02

20 Minimum tooth width (m) Wimin 0.0068
21 Slot depth (m) hg 0.027
22 Stator core yoke height (m) hy 0.0097
23 Actual thrust at specified V; (N) F, 40.698
24 Output power at specified V, (kW) Pout 162.793
25 Input power at specified V; (kW) R 203.126
26 Stator efficiency at specified V, (%) n 80.1

27 Actual rated stator RMS current (A) I 17.1

28 Actual stator current density (A/mm?) I 5.65

29 Area of slot (cm?) As 0.629
30 Total area of wire (cm?) At 0.0245
31 Total length of copper wire (cm?) Tiw 11.15
32 Total weight of copper wire (kg) Weopper 0.24

33 Weight of iron core (kg) Wiron 9.2

34 Total weight of one SLIM stator (kg) Witator 9.44

3.3. Complete SLIM Design

The input power supply terminal, stator and reaction place
can now be assembled together to produce a complete SLIM
design as shown in Figure 8. As the reaction plate moves
along the length of the stator, the power supply coil must be
long enough and properly mounted. Since the frequency is

fixed at 25 Hz, an adjustable frequency drive is required for
precise variable speed control of the motor. To prevent the
motor from over shooting the travel length, limit switches are
attached to each ends of the reaction plate. These are
triggered to turn the machine off when they are activated.

Permanent Magnet

Reaction Plate

Connection
Terminal

E_O

Figure 8. Complete Design of SLIM.

4. Performance Curves

Once the design parameters were obtained, the performance
of the SLIM stator as a function of rotor velocity, are evaluated
as shown in the following figures. The performance curves of
the SLIM, thrust F, and efficiency n as a function of rotor
velocity V,, at a rated slip of 5% to 10% and a target thrust of
40 N are as shown in Figure 9 and Figure 10 using the results
from Table 2. As the rated slip of SLIM is increased, the
magnitude of thrust force and efficiency also increases. So, the
value of rated slip 10% is chosen as the best value which
yields maximum thrust at a reasonable efficiency. The
efficiency does not have significant impact with an increase in

rated slip 9% and 10%. The best design of the SLIM at a rated
slip of 10% and a desired speed of 40 N is shown in Table 1.
Using these results, the variation of thrust F and efficiency n
with respect to rotor velocity V, are shown in Table 2.

In order to sketch the characteristic curves of the SLIM,
the following procedure is followed. The slip is varied from 0
to 1 in increments of 0.0001 and the unit impedance of the
stator is calculated as a function of slip using the Equation 2.

()
Z=RHXt+————= )
“2 X,
S
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Figure 9. Effect of Rated Slip on the Thrust F; and Rotor Velocity V, of One SLIM Stator Unit, a Desired Rotor Velocity of 4 m/s, a Target Thrust of 40 N.
Table 2. Rated Slip Effects on Thrust and Efficiency.
Rated Slip, S (%) Thrust, F, (N) Efficiency, 1) (%)
5 20.066 76.32
6 24.166 78.15
7 28.284 79.26
8 32.415 79.87
9 36.554 80.14
10 40.698 80.14
The actual SLIM stator RMS current is then calculated using the Equation 3.
V,
b= (3)
The resulting thrust is then calculated using Equation 4 as
F__ MR,
4)

' 1
{(SG)ZH}VSS

The performance curves, thrust and efficiency are then plotted versus varying rotor speed V; as shown in Figure 11.
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Figure 10. Effect of Rated Slip on Efficiency T| and Rotor Velocity V. of One SLIM Stator Unit, a Desired Rotor Velocity of 4 m/s, a Target Thrust of 40 N.
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Figure 11. Effect of Permanent Magnet Thickness on the Thrust of SLIM plotted against Rotor Velocity at a Rated Slip of 10%, a Desired Rotor Velocity of 4
m/s and Target Thrust of 40 N.

Table 3. Permanent Magnet Thickness Effects on Thrust and Efficiency at Rated Rotor Speed (4 m/s).

Permanent Magnet Thickness, d (mm) Thrust F, (N) Efficiency n (%)
1 9.897 77.3

2 18.837 80

3 26.9 80.5

4 34.164 80.4

5 40.698 80.1
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Figure 12. Effect of Varying Permanent Magnet Thickness on Efficiency of SLIM plotted against Rotor Velocity at a Rated Slip of 10%, a Desired Rotor

Velocity of 4 m/s and Target Thrust of 40 N.
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Figure 13. Effect of Mechanical Air-Gap on Thrust of SLIM at a Rated Slip of 10% and a Target Thrust of 40 N.
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Table 4. Air-Gap Effects on Thrust and Efficiency.

Efficiency n (%)

Thrust F, (N)

40.698
39.017

Air-Gap, g, (mm)

80.1
78.4
76.6
74.8

37.42
35.904

N <t n O
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Figure 14. Effect of Magnetic Air-Gap on the Efficiency of a SLIM versus Rated Rotor Velocity.

5. Conclusion

In this paper, the theoretical model is focused on the linear
induction motor. When the design of the physically model is
well known, this information is applied for the design and the
operating point of the control system. The air-gap plays a
very important role in the performance of the SLIM. The air-
gap needs to be as small as possible to have a better thrust
and efficiency. Another crucial design parameter is the
thickness of rotor outer layer which is permanent magnets.
As the thickness of the permanent magnet is increased thrust
also increases along with the length of magnetic air-gap
which is undesirable. The regenerative model was not studied
in this paper. This is an important issue because the
technology was studied in ascent mode (as a linear motor),
but in the descent mode it needs to work as levitation and
more speeds should by stored. The study of the levitation
mode was not performed because the goal and scope of the
thesis was the modeling and validation of the model for a
single-sided linear induction motor based on the levitation
technology. The single-sided linear induction motor was
chosen only as an application case study to show how the
technology can be used and optimized. Note that, if some
constraints were changed, another single-sided linear
induction motor would be obtained.
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