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Design Optimization and Analysis of Single-Sided
Linear Induction Motor, Considering All Phenomena

A. Shiri, Student Member, IEEE, and A. Shoulaie

Abstract—Regarding the different capabilities, linear motors
have been employed in many applications in industry. Among dif-
ferent linear motors, single-sided linear induction motors (SLIMs)
have been widely used due to their simplicity and low construction
cost. However, these types of motors suffer from low efficiency and
power factor and also, existence of so called end effect. The end
effect produces braking force that deteriorates the performance of
the motor, especially at high speeds. In this paper, analytical equa-
tions are derived for end effect braking force, efficiency, power
factor, and output thrust. Employing the derived equations and
considering all phenomena involved in the single-sided SLIM, a
simple design procedure is presented and the effect of different
design variables on the performance of the motor is analyzed. A
multiobjective optimization method based on genetic algorithm is
introduced to maximize efficiency and power factor, as well as to
reduce primary weight and end effect braking force, simultane-
ously. All effective design variables are considered in optimization.
The results show significant improvements in the objective func-
tion. Finally, the 2-D and 3-D finite element method is employed to
validate the results obtained by the analytical method.

Index Terms—Efficiency, end effect braking force, genetic algo-
rithm, magnetic air-gap, optimization, power factor, thrust.

I. INTRODUCTION

IN recent three decades, linear electric motors have been used
in industry applications. These kinds of motors are capable

of producing linear motion without any need for transmission
system and mechanical gears. Among various types of linear
motors, linear induction motors (LIMs) have gained interests of
researchers due to their simple structure. So, many investigations
are devoted to these kinds of motors [1]–[8]. There are different
types of LIMs, among them, single-sided linear induction mo-
tors (SLIMs) are widely used in transportation systems [9]–[12].
Different parameters are involved in designing SLIMs. These
parameters affect the performance of the machine in different
manners. Increasing a certain parameter may increase an output,
at the same time, it may decrease another one. So, the proper
performance of the SLIMs requires optimization of their design,
regarding different outputs as objective functions.

In order to optimize the LIM, different objective functions
have been introduced in the literature. In [13], the primary
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weight has been considered as objective function. In other re-
search, the thrust and power to weight ratio are maximized [14].
In [15] and [16], the optimum winding design of LIM has been
considered. Isfahani et al., have optimized the LIM to have max-
imum efficiency and power factor [17], [18]. In the latter works,
only the primary current density, the motor slip, the primary
width to pole pitch ratio, and the secondary aluminum sheet
thickness have been selected as design independent variables;
while the air-gap, frequency, and other important parameters
that are crucial in designing SLIM, are not considered in the op-
timization. In addition, the phenomena such as “end effect” and
“edge effect” are not involved. So, the design could be reliable
in only low speed motors. A similar work has been done in [19]
using imperialist competitive algorithm. Recently, Bazghaleh et
al., included end effect phenomenon in design by defining end
effect factor [20]. The end effect factor in this reference has been
defined by the differences of the air-gap power with and without
end effect. There are some research works that investigate the
end effect in LIMs. In [21], the existence of the end effect has
been confirmed by using analytical equations and defining end
effect factor. Also, the effect of design parameters on the end
effect have been investigated in [22]–[24]. In the literature, end
effect braking force (EEBF) has not been considered in design
by researchers while it has determinant effects on the perfor-
mance of the SLIM. In this paper, based on Duncan equivalent
circuit model [25], analytical equations for the EEBF, output
thrust and efficiency are derived. Then, considering EEBF, a
computer-aided systematic and applicable design algorithm is
proposed for SLIM. In the proposed algorithm, all phenomena
of the LIM are taken into account. Finally, Genetic algorithm-
based multiobjective design optimization is done to maximize
the efficiency and power factor, as well as to minimize EEBF
and primary weight, considering all design variables that are ef-
fective in the performance of the motor. To confirm the validity
of the proposed design, as well as analytically obtained outputs,
finite element method (FEM) is employed and the results are
compared.

II. EQUIVALENT CIRCUIT MODEL OF SLIM

Similar to rotary induction motors, the performance of SLIM
can be investigated by equivalent circuit model [25]–[28]. For
the design of the SLIM shown in Fig. 1, the equivalent circuit
model proposed by Duncan is employed [25]. The per-phase
equivalent circuit model of SLIM is shown in Fig. 2. In this
figure, R1 is the per-phase resistance of the primary that is
calculated as follows:

R1 = 2(Ws + lec)N/(σw Aw ). (1)
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Fig. 1. Structure of SLIM.

Fig. 2. Equivalent circuit of SLIM.

In the aforementioned equation, σw is the conductivity of the
conductor used in the primary winding, lec is the end connection
length, Ws primary width, N the per-phase number of turns of
the primary winding, and Aw is the cross-sectional area of the
conductor.

The primary leakage reactance is given by [29] and [30]:

X1 = 2μ0ω1 [(λs(1 + 3/2p) + λd)Ws/q + λe lec ]N 2/p (2)

where μ0 is the permeability of the vacuum, p the number of pole
pairs, q the number of the slots per pole per phase, ω1 primary
angular frequency, and λs , λe , and λd are the permeances of slot,
end connection, and differential, respectively, which are given
by the following equations [29]:

λs = hs(1 + 3β)/(12ws) (3)

λe = 0.3(3β − 1) (4)

λd = 5(ge/ws)/[5 + 4(ge/ws)]. (5)

In the above equations, β is the pitch factor of the coil. The
per-phase magnetizing reactance of the motor is given by [29]

Xm = 6μ0ω1Wsek
2
w N 2τ/(π2pge) (6)

where kw is the winding factor, τ the pole pitch, and Wse and
ge are the equivalent primary width and the effective air-gap,
respectively, and are calculated by the following equations:

Wse = Ws + gm (7)

ge = (kckl/ktm )(1 + ks)gm . (8)

In the aforementioned equations, gm = g + d is the magnetic
air-gap in which g is the air-gap length and d is the secondary
aluminum sheet thickness. Also, kl is air-gap leakage factor,
kc Carter’s coefficient, ktm magnetizing reactance factor due to
edge effect, and ks is the secondary saturation factor [29].

For calculation of the secondary resistance, the conductiv-
ity of the secondary sheet should be modified. The effective
conductivity of the secondary sheet, σe is given by [29]

σe = σ/ksk (9)

in which

ksk =
2d

δs

[
sinh(2d/δs) + sin(2d/δs)
cosh(2d/δs) − cos(2d/δs)

]
(10)

where δs is the depth of penetration of the secondary sheet which
can be calculated by

δs = [0.5(π/τ)2 + μ0πf1sσ]−1/2 . (11)

In the above equation, f1 is the primary supply frequency,
τ the motor pole pitch, σ is the conductivity of the secondary
sheet that is reduced by the factor ksk because of the skin effect
phenomenon. Besides the skin effect, the edge effect reduces
the secondary conductivity by the factor ktr . If the latter fac-
tor and contribution of the secondary back iron in conduction
of the secondary current are taken into account, the effective
conductivity is modified to

σei =
σ

kskktr
+

σiδi

ktrid
. (12)

The primary referred secondary resistance is defined as fol-
lows [31]:

R′
2 = Xm /Ge (13)

where Ge is modified goodness factor of the motor that is given
by [29]

Ge = 2μ0f1τ
2σeid/(πge). (14)

In secondary sheet LIMs, the secondary reactance can be
neglected [32]. So, X ′

2 ≈ 0. Also, due to low value of flux
density in the air-gap, the core loss is negligible; so, Rc ≈ 0.

III. PERFORMANCE CALCULATIONS

In this section, in order to derive analytical equations for ef-
ficiency, power factor, and developed thrust, the Duncan equiv-
alent circuit model of LIM is employed [25]. In [20], analytical
equations have been derived for efficiency and power factor;
however, in calculations, the power loss due to the end effect is
supposed to occur prior to air-gap. It is obvious that the power
loss due to end effect occurs in the secondary due to eddy
currents produced by the end effect. So, the developed air-gap
power is defined in such a way that considers this phenomenon
(see Fig. 3); thus, the following equation holds:

Pag = PAle + PAls + Pm . (15)

In the above equation, PAle is the power loss due to the end
effect, PAls is the secondary ohmic loss, and Pm is the converted
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Fig. 3. Power flow in SLIM.

mechanical power. So, considering equivalent circuit of Fig. 2,
we can write

PAle = 3Rm I2
m (16)

PAls = 3R′
2I

′2
2 (17)

Pm = 3
1 − s

s
R′

2I
′2
2 . (18)

In (16), Rm is the magnetizing branch resistance in the Dun-
can model that represents the power loss due to end effect and
is equal to

Rm = R′
2 [1 − e−Q ]/Q. (19)

In the above equation, Q is normalized motor length. The
value of Q is obtained by the following equation [25]:

Q = LsR
′
2/[(Lm + L′

2)Vr ] (20)

where Ls is the primary length, Lm the magnetizing inductance,
L′

2 the secondary leakage inductance which is equal to zero for
sheet secondary, and Vr is the motor speed. It is seen that the
value of Q inversely depends on motor speed, so in high speeds
it becomes smaller.

In addition to (15), the air-gap power can be written in terms
of developed thrust Fx :

Pag = VsFx = 2f1τFx (21)

where Vs is the synchronous speed, f1 is the primary supply
frequency, and τ is the pole pitch of the motor.

The efficiency of the motor is defined as follows:

η = Pout/Pin (22)

where Pout and Pin are output and input power of the motor,
respectively. Referring to Fig. 2 and replacing proper terms for
input and output power, the following equations for efficiency,
power factor, and developed thrust are derived:

η = [Fx2τf1(1 − s)+3(s − 1)Rm I2
m ]/[Fx2τf1 + 3I2

1 R1 ]

(23)

cos ϕ = (Fx2τf1 + 3I2
1 R1)/(3I1V1) (24)

Fx =
3I2

1 R′
2

s2τf1

[
Rm (R′

2/s + Rm ) + X2
m1

(R′
2/s + Rm )2 + X2

m1

]
. (25)

In the above equations, s is the motor slip and Xm1 is the
modified magnetizing reactance considering end effect that is

equal to

Xm1 = Xm (1 − [1 − e−Q ]/Q). (26)

It should be mentioned that in deriving the aforementioned
equations, the mechanical friction and windage loss of the motor
are neglected. Air-gap flux density is given by [29]

Bg = μ0Jm τ/[πge

√
1 + (sGe)2 ] (27)

where Jm is the amplitude of the equivalent current sheet that
is calculated as follows [29], [33]:

Jm = 3
√

2kw NI1/(πτ). (28)

Using (27), the tooth flux density is obtained by

Bt = Bgτs/wt. (29)

IV. BRAKING FORCE DUE TO END EFFECT

As is known, the longitudinal end effect decreases the air-gap
flux density of the SLIM. The final effect of this phenomenon is
producing a braking force that is opposite to developed thrust in
the air-gap. This braking force can be considered as an external
mechanical load. Based on the authors’ knowledge, the EEBF
has not been considered in design by researchers in the literature.
In this section, an analytical equation is derived for the EEBF.
The net output force, Fxo can be written as follows:

Fxo = Fx − Fxe (30)

where Fx is the developed force of the motor in the air-gap and
Fxe is the EEBF. The developed air-gap power is obtained by
(21) and the converted mechanical power can be calculated by
the following equation:

Pm = VrFxo . (31)

In the above equation, Vr is the motor speed. Using (15)–(18),
the converted mechanical power can be written as follows:

Pm = (1 − s)Pag + (s − 1)PAle . (32)

Dividing (32) by (1 − s)Pag and using (21) and (31), following
relation is derived:

Fxo/Fx = 1 − PAle/Pag . (33)

Replacing Fxo from (30) in the aforementioned equation and
using (21) for Pag , the braking force produced by the end effect
is derived as follows:

Fxe = PAle/Vs. (34)

Using (16) and (19) and also referring to Fig. 2, the final form
of the EEBF is derived as follows:

Fxe =
3R′

2(R
′
2/s)2 [1 − e−Q ]

QVs [(R′
2/s + Rm )2 + X2

m1 ]
I2
1 . (35)

It is seen that when the speed of the motor goes up, the value
of Q decreases and it cause the EEBF to increase. The reason for
the latter is that when Q decreases, the modified magnetizing
reactance of the motor [see (26)] decreases too and causes the
input current to increase.
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Fig. 4. Flowchart of the SLIM design procedure.

V. DESIGN PROCEDURE

Using (25) and (35) in (30), and doing some mathematical
calculations, output thrust can be obtained as follows:

Fxo =
3I2

1 R′
2

s2τf1

[
R2

m + X2
m1

(R′
2/s + Rm )2 + X2

m1

]
. (36)

By replacing motor parameters [see (13), (19), and (26)] in
the above equation, the required MMF in order to produce the
desired output thrust is obtained as follows:

MMF = NI1 =

√
s2τf1Fxo

3KR ′
2

(KR ′
2
/s + KRm

)2 + K2
Xm 1

K2
Rm

+ K2
Xm 1

(37)
where the following equations are used:

R′
2 = KR ′

2
N 2 (38)

Rm = KRm
N 2 (39)

Xm1 = KXm 1 N
2 . (40)

Referring to per-phase equivalent circuit (see Fig. 2), the
following equation holds for the per-phase number of turns of
the primary:

V1 = KzN
2I1 (41)

where Z = KzN
2 is the per-phase input impedance of the mo-

tor, in which constant KZ is equal to

Kz = KR1 + jKX 1 + (KRm
+ jKXm 1 )| |(KR ′2/s) . (42)

By calculation of the number of turns using (41), the calcula-
tion of the equivalent circuit parameters and other motor outputs
are straightforward. Flowchart of the SLIM design procedure is
illustrated in Fig. 4.

TABLE I
SPECIFICATION OF THE INVESTIGATED MOTOR

Fig. 5. Motor outputs versus the secondary sheet thickness.

VI. SIMULATION RESULTS AND PERFORMANCE ANALYSIS

Different design variables affect motor performance in dif-
ferent ways. To investigate the effect of design variables such
as the secondary sheet thickness, the air-gap length, the supply
frequency, the primary width, etc. on the motor performance,
the designed SLIM is simulated using MATLAB software. The
reaction of the motor to independent design variables is impor-
tant in optimization problem. In these simulations, the motor is
designed to have (1000 ± 100)N output thrust in motor speed
of Vr = 15 m/s.

Other variables that are fixed during the design in Figs. 5–12
are given in Table I (in each figure only one of them is being
changed).

In Fig. 5, the effect of the secondary sheet (Aluminum) thick-
ness on the motor outputs such as primary weight, the ratio
of EEBF to output thrust, efficiency, and power factor are il-
lustrated. In the figure, other independent variables are kept
constant. As is seen in the figure, by increasing the aluminum
thickness, the primary weight of the motor increases; while, the
ratio of the EEBF to output thrust decreases. Also, the power
factor and the efficiency increase until they reach a maximum
value and then decrease. As a result, to select a proper value
for aluminum thickness, there should be a compromise between
different outputs such as efficiency, EEBF/output thrust and
power factor. The cost of the aluminum should be added to
mentioned challenges, because increasing the aluminum sheet
thickness increases the amount of the aluminum. It is seen that
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Fig. 6. Motor outputs versus the air-gap.

Fig. 7. Motor outputs versus the input frequency.

there are some jumps on the curves in the figure. These jumps
are because of rounding the number of turns per coil to nearest
integer in design process. The variation of the outputs versus the
air-gap length is shown in Fig. 6. It is seen that increasing the
air-gap length increases the primary weight to produce constant
output thrust. Also, the EEBF/output thrust increases as air-gap
length increases. On the other hand, efficiency and power fac-
tor decrease as the air-gap is increased. As a result, in design
process, the air-gap should be chosen as short as possible to
maximize efficiency and power factor, at the same time to min-
imize weight and EEBF. It should be mentioned that in some
applications such as high-speed traction motors, minimum value
of the air-gap length is limited. The jumps in Figs. 6 and 7–12
are also because of rounding the number of turns per coil to
nearest integer in design process. In many applications, voltage
source inverters provide input voltage. Therefore, the input volt-
age frequency can be easily varied. So, the effect of variation of
the frequency on the performance of the motor is investigated.
Fig. 7 shows the simulation results of the motor by changing in-
put frequency. As is seen in the figure, increasing the frequency
decreases the primary weight; at the same time increases the
EEBF. The efficiency is increased by increasing frequency; al-
though, in high frequencies the changes of efficiency become

Fig. 8. Motor outputs versus number of pole pairs.

Fig. 9. Motor outputs versus number of slots per pole per phase.

smaller and then the latter decreases. Also, the power factor
increases until frequency of about 90 Hz and then decreases.
Fig. 8 illustrates the variation of the motor outputs versus num-
ber of pole pairs. Increasing the pole number increases the motor
length in constant frequency, synchronous speed, and primary
width, which leads to the increment of the primary weight. On
the other hand, EEBF reduces by increasing the pole number.
In addition, increasing the number of poles has small effect on
efficiency; however, it increases the power factor. As seen in
Fig. 9, increasing the number of slots/pole/phase has negligible
effect on primary weight and efficiency. However, it slightly
decreases the EEBF and increases power factor. Increasing the
primary current density with constant output thrust decreases the
primary wire cross-section and increases the primary resistance
of the motor. So, it causes the primary weight and efficiency
to reduce (see Fig. 10). It also increases the power factor; how-
ever, it has no effect on EEBF. In Fig. 11, increasing the primary
width with constant motor length increases the primary weight
and power factor, at the same time it decreases EEBF and ef-
ficiency, although the changes in efficiency are small. Finally,
increasing the ratio of slot width to slot pitch decreases the pri-
mary weight and increases the EEBF and power factor, while
having negligible effect on efficiency (see Fig. 12). According
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Fig. 10. Motor outputs versus primary current density

Fig. 11. Motor outputs versus primary width.

to the aforementioned explanations and considering the applica-
tion of the motor and its limitations, one can develop the design
in a way that the motor can produce optimum outputs. In the
next section, using genetic algorithm, the design is optimized
considering all effective variables of the motor.

VII. GENETIC ALGORITHM-BASED DESIGN OPTIMIZATION

In an optimization problem, if independent variables are de-
fined as x = (x1 , x2 , ..., xn ), the goal is to find a vector x such
that optimizes the predefined function f(x) under some con-
straints. As seen in the previous section, to design an SLIM,
different variables can be chosen for vector x. Considering the
results of investigations performed, in this paper, variables of
vector x are chosen as follows: primary input frequency f1 ,
number of pole pairs p, number of slots per pole per-phase q,
primary current density J , primary width Ws , secondary sheet
thickness d, motor slip s, slot width to slot pitch ratio ws/τs ,
and the mechanical clearance g. In addition, tooth flux den-
sity and the ratio of primary width to pole pitch are applied as

Fig. 12. Motor outputs versus slot width/slot pitch.

TABLE II
DESIGN VARIABLE CONSTRAINTS

optimization constraints:

Bt ≤ 1.6 (43)

0.5 ≤ Ws/τ ≤ 4. (44)

Other variable constraints applied to the design are listed in
Table II.

To achieve the optimization goal, different output parame-
ters of the motor can be considered as objective function. The
aim of this paper is to minimize end-effect force and primary
weight, as well as to maximize the efficiency and power factor,
simultaneously. So, the objective function is defined as follows:

f(x) =
η(x)K 1 × P.F.(x)K 2

[Primary weight(x)]K 3 × Fxe(x)K 4
(45)

where x is the optimization variables vector and Ki (i = 1...4)
can be chosen as 0 or 1. The rated specifications of the motor are
the same as those used in previous section. 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 [34].
The optimization is done for different objective functions using
(45). In the first step, K1 = K2 = 1, K3 = K4 = 0. It means
that only the efficiency and power factor are optimized. In the
next step, K1 = K2 = K3 = 1, K4 = 0. In the third step, K1 =
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TABLE III
OPTIMIZED MOTORS SPESIFICATIONS

K2 = K4 = 1, K3 = 0, and finally, all outputs are optimized
simultaneously: so, K1 = K2 = K1 = K2 = 1.

The optimization design results are shown in Table III. The
design is done with constant motor speed of 15 m/s and output
thrust of 1000 ± 100 N. In first design case, only efficiency and
power factor are optimized. Regarding that there is no limitation
on weight, the dimensions of the motor are high and the input
frequency is comparatively low. On the other hand, the primary
current density is 3 A/mm2 that leads to high efficiency. In
the second case (K1 = K2 = K3 = 1, K4 = 0), in addition to
efficiency and power factor, the primary weight is optimized too.
The results show that the dimensions of the motor are reduced
to assure minimum weight (26.81 kg), while the primary current
density is 6 A/mm2 ; so, the efficiency is reduced, in this case.
On the other hand, the braking force caused by end effect is
increased (57.69 N) because of the reduced number of poles.
In the next case, the EEBF is optimized, simultaneously with
efficiency and power factor, while the primary weight is not
considered in optimization. As seen in Table III, the dimensions
of the motor is increased that leads to high primary weight,
while the EEBF is reduced considerably (6.82 N). In the last
case (K1 = K2 = K3 = K4 = 1), all of the four outputs are
optimized, simultaneously. In this case, the dimensions of the
motor are comparatively low but higher than their counterparts
in case 2. Also, the EEBF in this case is lower than those in
cases 1 and 2. It should be mentioned that if the EEBF is not
considered, as in case 2 of Table III, the optimal designs with
low number of pole pairs are obtained. So, as shown in the
previous section, the number of pole pairs has a determinant
effect on the braking force produced by the end effect.

As is known, in different runs, different results are obtained
by genetic algorithm in an optimization problem [34]. In order
to examine the effectiveness of the genetic algorithm in opti-
mization of the SLIM, the results of 20 runs for the design case
4 of Table III are compared. The average values for the effi-
ciency, the power factor, the primary weight and the EEBF as
well as objective function are shown in Table IV. Regarding the
objective function, case 4 in Table III is the best optimal design
among 20 mentioned designs. As seen in Table IV, the averaged
design results obtained by 20 different runs are close enough to
their counterparts in Table III, confirming the effectiveness of
the genetic algorithm in optimization of SLIM.

VIII. FINITE ELEMENT ANALYSIS

In this paper, based on the Duncan equivalent circuit model,
analytical equations are derived for the output thrust, efficiency,
and the EEBF. Optimization of the design as well as minimiza-
tion of the EEBF at constant speed is performed using proposed
output equations. So, the effectiveness of the design mainly
depends on the validity of the developed model. To validate
the model and to confirm the results of the optimization, 2-D
and 3-D FEMs are employed in this paper. In this section, the
optimized design case 4 with limited pole pairs is simulated
using 2-D and 3-D FEM (pole pairs are limited to 2). Computer
hardware limitations and avoiding the complexity of the model
implemented in the FEM are the only reasons for limiting the
pole numbers. The specifications of the optimized design exam-
ple with limited pole pairs that is called “case 5” hereafter, are
shown in Table V. In this design, all of the four outputs are op-
timized, simultaneously (K1 = K2 = K3 = K4 = 1). Fig. 13
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TABLE IV
OPTIMIZED MOTOR PARAMETER VALUES IN 20 DIFFERENT RUNS (K1 = K2 = K3 = K4 = 1)

TABLE V
OPTIMIZED MOTOR PARAMETER VALUES FOR FEM SIMULATIONS

shows the flux paths in the different parts of the motor as it
moves in x-direction (2-D FEM). It is seen that the flux lines are
denser in exit end of the motor. To investigate the edge effect on
the performance of the SLIM, the latter is simulated using 3-D
FEM. Flux density distribution in the primary core is illustrated
in Fig. 14. The maximum flux density in different parts of the
motor is limited to 1.88 T. The distributions of the flux density in
the secondary sheet as well as the secondary current are shown
in Figs. 15 and 16, respectively. It should be mentioned that the
flux density in the secondary sheet can be a representative of the
air-gap flux density. It is seen in Fig. 15 that the maximum flux
density in the secondary sheet and consequently in the air-gap
is about 0.24 T. The efficiency, the power factor, and the output
thrust are calculated using the 2-D and 3-D FEM. The analytical
calculation results are compared with FEM results in Table VI.
As seen in this table, the efficiency obtained by 2-D and 3-D
FEM are lower than that of obtained by analytical design. It
may be partly because of neglecting iron loss in an analytical
model that is considered in FEM. Also, the thrust and power
factor obtained by the 3-D FEM are in good agreement with the
analytical results. In addition, they are slightly lower than those
of obtained by the 2-D FEM. This is because of the edge effect
phenomenon that is considered in the 3-D FEM. Edge effect
causes the secondary resistance to increase and the magnetizing
reactance to decrease [29].

Fig. 13. Flux paths in the moving SLIM.

Fig. 14. Flux density distribution in the primary core.

Fig. 15. Flux density distribution in the secondary sheet.

Fig. 16. Current distribution in the secondary sheet.

TABLE VI
CALCULATION AND FEM RESULTS

IX. THERMAL ANALYSIS

As the air-gap length is comparatively high (5.1 mm), the heat
transfer between primary and secondary can be neglected [35].
So, the thermal behavior of them can be analyzed separately.
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TABLE VII
SLIM SPECIFICATION FOR THERMAL ANALYSIS

A. Secondary Thermal Analysis

In transportation applications, between the stop stations, the
velocity of the motor is close to the steady-state speed. So, the
secondary does not have enough time to reach high tempera-
tures. However, in stop stations the secondary can be overheated.
The thermal design of the secondary of SLIM is based on the
number of vehicles that start moving from same place at stop
station [35]. The minimum interval between two successive ve-
hicles should be such that the secondary does not exceed the
thermal limit.

B. Primary Thermal Analysis

To analyze the thermal behavior of the primary of the SLIM,
for transportation applications, the equivalent thermal loss of
the primary should be calculated. So, the equivalent primary
current is obtained as follows [35]:

Ie-th = In

√
(ta + td)

T

(
Is

In

)2

+
tc
T

(
In

In

)2

+
ts
T

(
0
In

)2
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where ta and td are acceleration and deceleration time, respec-
tively, tc cruising time between two stations, ts stop time at
station, T the time which motor travels between two stations,
In the nominal input current, and Is is the input current at start-
ing. It should be mentioned that the current during acceleration
and deceleration period is assumed to be Is , for convenience.
The equivalent primary copper loss is equal to

Pe-cup = 3R1I
2
e-th . (47)

As the primary width of the motor is approximately equal to
end connection length, about half of the aforementioned loss
is distributed in active part of the SLIM and half other in the
end connection. In Table VII, the thermal equivalent primary
current, the equivalent primary copper losses, as well as primary
iron losses are given. The iron type M270-35 A5 is considered
for primary.

FEM Simulations: To investigate the distribution of the tem-
perature on different parts of the SLIM, the FEM is employed.
To model the heat exchange between the SLIM and the air, the
convection heat transfer coefficients for different surfaces of the
SLIM should be determined. The relations for these coefficients
can be found in thermal analysis handbooks [36], [37]. The
convection heat transfer coefficients for different surfaces of the
SLIM are calculated as in Table VIII.

With the obtained convection heat transfer coefficients, the
SLIM is simulated using Flux software. The primary winding
and the iron core are considered as thermal sources. In simu-
lations, the ambient temperature is assumed to be 25 ◦C. The

TABLE VIII
CONVECTION HEAT TRANSFER COEFFICIENTS BETWEEN THE SLIM

AND THE AIR

Fig. 17. Distribution of the temperature on different parts of the SLIM.

Fig. 18. Distribution of the temperature on different parts of the SLIM with
forced cooling system.

distribution of the temperature on different parts of the SLIM
is illustrated in Fig. 17. It is seen that the hottest temperature is
123.4 ◦C that is occurs in about the middle slots of the motor.
It is also clear that the temperature of the backside of the motor
is lower than that of front side. It is because of the high value
of the convection heat transfer coefficient that is obtained for
a backside surface. It seems that using insulation class F suf-
fices for windings in slots. If a forced cooling system such as a
simple fan is used, the convection heat transfer coefficients of
the surfaces increase. As an example the calculation is carried
out for upper side of the motor that the convection heat transfer
coefficient is obtained as 152.4W/(m2K). With the obtained
coefficient, the FEM simulation results are shown in Fig. 18. It
is seen that the hottest temperature decreases from 123.4 ◦C in
the previous case without fan to 83.17 ◦C in this case.

X. CONCLUSION

A simple and applicable procedure based on the Duncan
equivalent circuit model is proposed to design the single-sided
LIM. All phenomena such as longitudinal end effect, iron satu-
ration, transverse edge effect, and skin effect are considered in
design. An analytical equation is derived to model braking force
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produced by the end effect. Also, based on the defined air-gap
power, equations for the efficiency, and power factor as well
as output thrust are analytically derived. A multiobjective opti-
mization method is employed to maximize the power factor and
efficiency and simultaneously, to minimize the primary weight
and the EEBF for high speed SLIMs. The results show that
EEBF can be considerably minimized by appropriate selection
of the motor parameters, especially the number of poles. The
2-D and 3-D FEM is used to confirm the precision of the derived
equations for outputs and the effectiveness of the optimization
method. The FEM results, in which the end effect is taken into
account, are in good agreement with the analytical results. This
confirms the validity of the proposed analytical equations and
optimal design.
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