J Electr Eng Technol Vol. 8, No. 3: 581-587, 2013
http://dx.doi.org/10.5370/JEET.2013.8.3.581

ISSN(Print)  1975-0102
ISSN(Online) 2093-7423

Optimal Design of Low-Speed Secondary-Sheet
Single-Sided Linear Induction Motor

Abbas Shiri’ and Abbas Shoulaie*

Abstract — Among different linear motors, single-sided linear induction motors have been widely
used in industry due to their simplicity and low construction cost. However, these types of motors
suffer from low efficiency and power factor. In this paper, an effective procedure is proposed to design
single-sided linear induction motors. The designed motor is simulated in MATLAB software in order
to investigate the effect of design parameters on the performance of the machine. Regarding the
obtained results, the Genetic Algorithm is employed to optimize the design considering product of
efficiency and power factor as objective function. The results show significant improvement of the
performance. Finally, experimental results and 2D finite element method is used to validate the model

parameters and the optimization results.
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1. Introduction

Recently, secondary-sheet single-sided linear induction
motors (SLIMs) are widely used in industry especially in
transportation systems due to their compatible structure
and flexible choice of railroad [1-3]. Different methods
such as equivalent circuit model, electromagnetic field
analysis and finite-element method have been proposed for
designing linear induction motors (LIMs) [4-7]. Despite
different merits, SLIMs have some disadvantages such as
low efficiency and power factor. Hence, proper perform-
ance of these motors requires optimization of their design,
considering different outputs as objective functions. In
literature, different objective functions have been presented
for optimization of the LIM. In reference [8] the primary
weight has been considered as objective function. In other
work, the thrust and power to weight ratio are maximized
[9]. In [10] and [11] optimum winding design of LIM have
been presented. In other researches, optimal design of the
LIM for having the maximum thrust and the power factor
has been done [12, 13]. In the latter works, the primary
current density, the primary width to pole pitch ratio and
the secondary aluminum sheet thickness have been selected
as design independent variables. In [14] imperialist
competitive algorithm is used to design SLIM. In this work,
the design is not validated by FEM or experiment. In
addition, it seems that the flux density in different parts of
the motor has not been limited. According to literature,
there is not a systematic method for designing SLIMs. In
this paper, a computer-aided systematic and simple design
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algorithm is proposed for SLIM. In the proposed algorithm,
different geometries of the machine are calculated using
analytical equations. Then, the low speed SLIM design is
optimized based on the equivalent circuit model and using
Genetic algorithm. Experimental tests are done on a
constructed laboratory prototype to evaluate the precision
of the model parameters used in design. To confirm the
validity of the optimization, finite element method is
employed and the results are compared.

2. Calculation of Slot Dimensions

The structure of the single-sided linear induction motor
as well as its teeth and slot dimensions are shown in Fig. 1.
In this figure £ is mechanical clearance. Regarding the
magnetic permeability of the aluminum, in calculations, the
mechanical clearance is replaced with magnetic air gap.
The magnetic air gap is defined as:

g8, =8+d 1)
where d 1is the thickness of the secondary sheet. Consid-
ering the concept of current sheet and slotted structure of
the primary, the magnetic air-gap will increase to effective
air-gap which is given by [15]:

g =k.g, (@)

In the above equation, k, is Carter's coefficient which
is given by:

k.=t /z,-78,) (3)

where 7, is the slot pitch and is equal to:
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T, =1/mq 4
According to [16] 7 in Eq. (3) is given by:
w/g,)
S e ®
where W, is the slot width which is calculated by:
W, =T, =W, (6)

In Eq. (6) w, is the tooth width. The primary slot depth
can be simply calculated by the following equation (see
Fig. 1):
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Fig. 1. Single-sided linear induction motor

hS = AS /WS (7)
where A, is the cross-sectional area of the primary slot
which is given by:

A =nA,lF

fill

| ®)
In the above equation, 4, is the cross-sectional area of
the conductor, F s 1s fill factor of the slot and 7, is the
number of conductors per slot which is equal to:
n,=N/pq )

where N is the number of turns per phase. Number of
turns per coil, 7., can be calculated using 7, . For single-
layer winding n.=n_,, , and for double-layer winding
n.=2n

coil *

3. Equivalent Circuit Parameters

For the design of SLIM with negligible end effect, a
simple magnetic equivalent circuit model is used. The per-
phase equivalent circuit model of SLIM is shown in Fig. 2.
In this figure different parameters are given as follows
[16]:

R, =200, +1 )N (0, 4,)

wiw

(10)
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3 /4
X, = {2y0w1[(/13(1+5)+/1‘,)75+ LLIN*Y/ p  (11)
Xm =12:u0flVVsekw2N2‘[/(”pge) (12)

R} = 6W,k *N* /(pro,d) (13)

In the above equations o, is the conductivity of the
conductor used in the primary winding, /. is the end
connection length (usually it is supposed to be I, =1.27),
W, the primary width, N the number of turns per-phase
of the primary winding, 4, the cross-sectional area of the
conductor, 4, the permeability of air, P the number of
pole pairs, 9 the number of the slots per pole per phase,
Ji input frequency and A, , A and A4, are the
permeances of slot, end connection and differential,
respectively. Also, k, is the winding factor, 7 the pole
pitch, g, the effective air-gap and o, is the conductivity
of the secondary sheet. In addition, W, is the effective
equivalent primary width which is calculated by the
following equation:

W,=W+g, (14)

In secondary sheet linear induction motors, the
secondary reactance can be neglected [6]. Also, due to law
value of flux density in the air-gap, core loss is negligible.

Ry JX1

I

Fig. 2. Equivalent circuit of sheet secondary SLIM

Considering Fig. 2 and doing some mathematical
calculations, the following equations for efficiency, power
factor and thrust are derived [16]:

__ KV s
7= 3V 1, cos ¢ (15)
cosg =[F. 27 f, +31°R1/GLV,) (16)
P 31°R,
x 1, (17)
s27 fi[(—=)* +1]
sG

where V. is the motor speed, § is the slip and G is the
goodness factor which is calculated as follows [16]:

G=2u fir’o,d/(n g,) (18)
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Air-gap flux density is given by [16]:

B, = ), [7g 1+ (5.G)* ] (19)

In the above equation, J,, is amplitude of equivalent
current sheet which is calculated as follows [16]:

=32k, NI, [(7) (20)
Using Eq. (19), the teeth flux density is obtained by:
B, =Bt /w, (21)

4. Experimental Validation of the Equivalent
Circuit Parameters

In this paper, the SLIM is designed using the equivalent
circuit model. So, the effectiveness of the design mainly
depends on the validity of the model parameters. In this
section, calculation results of the SLIM parameters are
compared with those obtained by experimental tests. In
[17], the standard test procedure for obtaining rotating
induction motor (RIM) parameters is described. Similar to
the RIMs, three tests are required to determine the
parameters of the SLIM: DC test, primary locked test and
no-load test. In case of RIM, at no-load test, due to the fact
that the slip of the motor approximately approaches to zero,
the rotor impedance can be neglected in comparison with
the magnetizing branch impedance. Also, in rotor-locked
test, due to the fact that the rotor impedance is much
smaller than the magnetizing branch impedance, the latter
can be neglected in calculations. However, in case of the
SLIM those simplifying assumptions are not applicable.
Because, in SLIMs, due to high value of the air-gap and
special construction of the secondary, the magnetizing
impedance is low and the secondary resistance is high in
comparison with RIMs. Also, because of the friction
between the primary and the rail at no-load, the slip of the
motor is not very small. So, along with mentioned test
results, a set of non-linear equations should be solved to
accurately determine the SLIM parameters.

The primary locked and no-load tests are done on a
constructed prototype in laboratory. The specification of
the constructed SLIM is presented in Table 1. Fig. 3 shows
the motor input currents in no-load test. The results of the
primary locked and no-load tests are given in Table 2. By
using experimental results and solving non-linear equations,
the motor parameters are derived and compared with
calculation results in Table 3. It is seen in this table that the
error of the primary parameters are quiet negligible. Also,
the error of the magnetizing inductance and the secondary
resistance are acceptable. The largest error is related to the
magnetizing inductance which is -4.27%.

583

Table 1. The specification of the constructed SLIM

Phase input voltage, v | 220 Slot depth, mm 25
Supply frequency, Hz | 50 Aluminum thickness, mm 4
Pole pairs 2 | Secondary back-iron width, mm | 10
Slots/pole/ phase 1 Mechanical clearance, mm 3.5
Primary width, mm 45 Number of turns/phase 1100
Secondary width, mm | 170 Motor length, mm 204
Tooth width, mm 6 Synchronous speed, m/s 4.95
Slot width, mm 10 Rail length, m 81
3
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Fig. 3. The SLIM input currents in no-load test

Table 2. Primary locked and no-load tests results

Input phase voltage, V 216

Primary locked test Input current, A 1.89
Input power, W 618.5

Input phase voltage, V 220

Input current, A 1.86
No load test Input power, W 458.2
Motor speed, m/s 4.28

Table 3. The SLIM parameters: comparison of calculation
results with experimental results

Parameter Calculation | Experiment | Error, %
Primary resistance, Q 37.46 37.27 -0.51
Primary leakage inductance, mH 221.4 219.6 -0.82
Magnetizing inductance, mH 139.1 133.4 -4.27
Secondary resistance, € 32.29 33.59 +3.87

4. Design Procedure

Equation (15) is basically used to initialize the design
process. In this equation, the primary current can be
estimated using the motor desired parameters:

1, = F,V, /(3Vncosg) (22)
Where F,, is the desired thrust should be produced by the
designed motor. Now having desired thrust, motor speed,
input voltage and proper value for 77¢0s¢ | the required
input current can be calculated. In this paper, the design
procedure is in such a way that the motor can finally
produce the desired thrust. Thus to began with, the number
of turns per coil (7, ) is set to 1 and increased by 1 until
the thrust requirements in the design are met. In each step,
the calculated thrust is compared with the desired value. If
the error is acceptable the process is stopped. The flow
chart of the design is shown in Fig. 3. In this flow chart the
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value of 7¢€0s¢ is initially chosen arbitrarily in [0 1] span.

Then, in the next stage of the algorithm, its value is
compared with the calculated value [77cosd]., . If the two
values are approximately equal, the algorithm is proceeded
otherwise the value of 7¢0s¢ replaced by their mean
value and the calculation is repeated. Also, in this design in
order to prevent the saturation of the iron, the flux density
in teeth is compared with a predefined maximum flux
density. If the teeth flux density is higher than its maximum
value, the arrangement of the turns in slot is changed.

Table 4 shows the specification of the designed motor. In
this design the obtained value of the number of turns per
coil, n,, is 87 (single-layer winding is used). With this
number of turns, the thrust of the motor is approximately
equal to its desired value. In addition, the efficiency and
power factor are obtained 46.15% and 0.1921, respectively;
and the primary winding and iron weight are 3.73 and 3.41
kg, respectively.

Selection of input
and desired data
W
Calculation of
synchrenous speed
¥
Calculation of pole pitch,
slot pitch, primary length,
tooth and slot width

W

Assigning the number
of turns per coil, #..y;
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Choosing 7 cos g Calculation of tooth

flux density
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current, cross-sectional
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other slot dimensions

¥
Calculation of
equivalent circuit and
output parameters

|
Fig. 3. Flow chart of the SLIM design

Increase
tooth width

Calculation of the final
output values and
weight of the motor

Table 4. The specification of the designed motor

Input phase voltage, v 220
Supply frequency, Hz 50
Number of pole pairs, (p) 2
Rated slip 0.3
Number of slots/pole/phase(q) 1
Primary width, mm 150
Thickness of the secondary sheet, mm 3
Primary current density, A/mm’ 5
Desired thrust, N 128
Rated speed, m/s 2.5
Mechanical clearance, mm 1
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5. Simulation Results and Motor
Performance Analysis

In this section, to investigate the effect of the design
parameters such as the mechanical clearance, the secondary
sheet thickness, the primary width, etc. on motor perfor-
mance, the designed linear induction motor is simulated
using MATLAB software. For optimization problem, the
reaction of the motor to independent design parameters
should be considered.

Fig. 4 illustrates the effect of changing the secondary
sheet (Aluminum) thickness on the motor outputs (other
design parameters are kept constant, see Table 4). As it is
seen in the figure, by increasing the aluminum thickness,
on the one hand, the goodness factor of the motor, which is
one of the important factors in machine design, increases;
on the other hand, the thrust and the power factor increase
until they reach a maximum value, then decrease, while the
motor efficiency increases initially and then noticeably
decreases. As a result, to select a proper value for aluminum
thickness, there should be a compromise between different
outputs such as efficiency, thrust and power factor. The
variation of the outputs with changing the mechanical
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Fig. 4. The motor outputs versus the aluminum thickness
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clearance is shown in Fig. 5. It is seen that increasing the
mechanical clearance all the output parameters causes to
decrease. As a result, in design process, the air-gap should
be chosen as short as possible. It should be mentioned that,
in some applications such as high-speed traction motors,
minimum value of air-gap length is limited. Fig. 6 shows
the simulation results of the motor by changing primary
width. In this figure, other independent parameters are kept
constant. As it is seen in the figure, increasing the primary
width, on the one hand, decreases the thrust and the power
factor; on the other hand, it increases the efficiency. It is
also seen in Fig. 6 that changing the primary width has no
effect on goodness factor. Reduction of the thrust by
increasing the primary width is because of decreasing the
input current under constant voltage due to increasing the
motor impedance. According to the obtained results and
considering the application of the motor and its limitations,
one can develop the design in a way that the motor can
produce optimum outputs. Fig. 7 shows the characteristics
of the motor outputs versus slip. The variation of the
outputs for SLIM in this figure are similar to those in
rotating induction machine in which the thrust is
comparable with the torque in rotating motor.
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Fig. 6. The motor outputs versus primary width

600 400
300
400 z
5 g 200
& 200 F
100
0 0
1 0.5 0 1 05 0
Slip Slip
60 0.4
® 5 03
% 40 g
o ©
& Loo02
© [}
£ 20 3
i £ 01

1 0.5 0 1 05 0
Slip Slip

Fig. 7. The motor outputs versus the slip

6. Design Optimization

In an optimization problem, if the independent param-
eters are defined as x=(x,X,,...,X,), the object of the
design process is to find a vector X such that optimize the
predefined function f(x) under some constraints. As seen
in the previous section, to design a SLIM, different
variables can be chosen for vector X . Considering the
results of the investigations performed in section 5, in this
paper variables of vector X are chosen as follows:
primary current density ( J ), primary width ( W, ),
secondary sheet thickness (d ), motor slip () and the
mechanical clearance ( £ ). In addition, the ratio of the
primary width to the pole pitch is applied as optimization
constraint:

I

05<—<4 (23)

T

Other constraints applied to the design are listed in
Table 5.

Table 5. Design variable constraints

Parameter Minimum value | Maximum value
Primary current density, A/mm?2 3 5
Primary width, mm 50 200
Secondary sheet thickness, mm 1 4
Slip 0.1 0.5
Slot width to slot pitch ratio 0.4 0.7
Air gap length, mm 1 15

To optimize the motor, different outputs can be considered
as objective function. In this paper, regarding the
importance of the efficiency and power factor, the product
of them is considered as objective function:

J(x)=n(x)x P.F.(x) (24)

where X is the optimization variables vector. Other rated
specifications of the motor which are not considered as
optimization variables, are given in Table 4. In this paper,
genetic algorithm is employed for optimization. The
genetic algorithm is a method that searches among
different variable values and finds a set of parameters to
optimize the objective function [18]. The optimal design
results obtained by the mentioned method are shown in
Table 6. It can be seen that the thrust is close enough to

Table 6. Optimized motor parameter values

Parameter Optimum value
Primary current density, A/mm2 5
Primary width, mm 191.3
Secondary sheet thickness, mm 1.9
Air gap length, mm 1
Efficiency, % 38.58
Power factor 0.5206
Thrust, N 127.98
Objective function 0.2008
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desired value and the objective function is improved from
0.0887 in previous design to 0.2008 in optimal one.

7. Results Validation

In this paper, because of the low speed of the motor, the
end effect phenomenon is not considered in the model used
for design and optimization. In addition, the permeability
of the primary core and the secondary back iron was
supposed to be infinity. So, it is necessary to confirm the
results of the optimization. To do this, in this section the
optimized design is simulated using 2-D finite element
method (FEM). Fig. 8 shows the distribution of the flux
density in different parts of the SLIM. As it is seen in this
figure, the flux density in the air-gap and the secondary
sheet is less than 0.4 Tesla in most of the areas. Fig. 9
illustrates the flux paths in the different parts of the motor
as it moves in x direction. It can be seen that the flux lines
are denser in exit end of the motor. As the motor moves
towards right, the flux wave travels left. Induced eddy-
current density distribution in the primary and the
secondary back iron as well as the secondary sheet is also
shown in Fig. 10. It should be mentioned that, the iron loss
is considered in efficiency calculation. The efficiency,
power factor and thrust are calculated using FEM. The
calculation results are compared with FEM results in Table
7. As seen in this table, the thrust obtained by FEM is
slightly lower than that of obtained by analytical
calculations. It is because of the end effect phenomenon
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Fig. 9. Flux paths in the SLIM
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which is not considered in analytical model. However, the
results of the two methods are in good agreement with each
other.
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Fig. 10. Eddy-current distribution in the SLIM

Table 7. The calculation and FEM results

Parameter Analytical model FEM
Efficiency, % 38.58 35.7
Power factor 0.5206 0.504

Thrust, N 127.98 119.6

Objective function 0.2008 0.1799

8. Conclusion

A simple algorithm is proposed to design the single-
sided linear induction motor. The genetic algorithm is
employed to maximize the efficiency and the power factor.
The results show a noticeable improvement in the objective
function. Experimental results are used to confirm the
precision of the equivalent circuit model. The effectiveness
of the optimization is confirmed by finite element method.
The FEM results, in which the end effect is considered, are
in good agreement with the analytical results. This
confirms the validity of the proposed optimal design in low
speeds.
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