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Abstract— In this article, the normal force acting on the
primary of single-sided linear induction motors (SLIMs) is ana-
lytically derived. Considering all phenomena involved, the effects
of different design variables on the normal force are investigated.
In some applications such as transportation systems, the normal
force elimination may be required or strongly beneficial, and,
in this article, a multi-objective design optimization method based
on genetic algorithm is introduced for this purpose, both with
and without consideration of primary weight effect. All significant
design variables are considered in the optimization. The results
show that the motor performance is improved and the normal
force is eliminated by an appropriate selection of design variables.
To evaluate optimization effectiveness, a laboratory prototype
has been constructed, tested, and numerically simulated by finite
element analysis (FEA). Comparing the experimental and FEA
results with analytical predictions confirms the accuracy and
usefulness of the proposed design methodology.

Index Terms— Finite element method, genetic algorithm, nor-
mal force, optimization, single-sided linear induction motor.

NOMENCLATURE
g Air-gap length.
ws Slot width.
wt Tooth width.
hs Slot height.
hy Primary back-iron height.
τs Slot pitch.
R1 Primary winding resistance.
N Per-phase number of turns of the primary winding.
X1 Primary winding reactance.
R�

2 Secondary resistance referred to primary.
Rm Magnetizing branch resistance representing the

power loss due to end effect.
Xm1 Modified magnetizing reactance considering end

effect.
σw Conductivity of the conductor used in the primary

winding.
Ws Primary width.
lec End connection length.
J1 Primary current density.
μ0 Permeability of the air (vacuum).
ω1 Primary angular frequency.

λs Permeance of slot.
λd Differential permeance.
λe Permeance of end connection.
p Number of pole pairs.
q Number of slots per pole per phase.
Wse Equivalent primary width.
kw Winding factor.
τ Pole pitch.
σei Modified conductivity of the secondary.
d Secondary sheet thickness.
Q Normalized motor length.
gei Modified air-gap length.
s Slip.
f1 Primary supply frequency.
Fxo Output thrust.
Ls Primary length.
Vr Motor speed.
Fx Produced thrust.
Im Magnetizing branch current in equivalent circuit.
I1 Phase input current.
V1 Phase input voltage.
Z Per-phase input impedance.
H Magnetic field intensity.
E Electric field intensity.
B Magnetic flux density.
Vs Linear synchronous speed.
Fya Attraction normal force.
Fyr Repulsion normal force.
Fy Electromagnetic normal force.
Fyw Normal force due to primary weight.
Fyt Total normal force.

I. INTRODUCTION

L INEAR motors (LMs) are capable of producing linear
motion without any need for transmission system and

mechanical gears. Among different kinds of LMs, the linear
induction motor (LIM) is popular due to its simple and rugged
structure. So, extensive investigation has been carried out on
this kind of machines [1]–[5]. There are different types of
LIMs and, among them, single-sided linear induction motors
(SLIMs) are widely used in transportation systems [6]–[8].
In the literature, many investigations are reported on the design
and optimization of LIMs [9]. In [10], the primary weight has
been considered as the objective function to achieve an optimal
design. In other works, the thrust and power-to-weight ratio
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Fig. 1. Two different approaches to SLIM levitation: (a) electromagnetic
levitation and (b) electrodynamic levitation.

are maximized [11]. In [12], an optimal winding layout of LIM
has been presented. In other researches, optimal LIM design
for maximized efficiency and power factor has been proposed
[13], [14]. In [15] and [16], the end effect phenomenon
has been modeled and included in the design. In particular,
normal forces play an important role in SLIMs, especially
in high-speed transportation [17], [18], and there are some
researches which have investigated and analyzed the issue in
detail [19]–[23]. Electromagnetic field methods [24]–[26] and
finite element method [27] are usually used to calculate normal
forces in SLIMs; however, in recent years, magnetic equivalent
circuit techniques have been spreading for thrust and normal
force calculations [28].

For transportation applications, especially in magnetic levi-
tation systems, the normal force is usually regarded in SLIMs
as a meaningless phenomenon [29]. However, to illustrate
its significance, Fig. 1 shows two possible electromagnetic
and electrodynamic levitation techniques applied to SLIMs,
wherein a short primary SLIM is used in which the secondary
is integral with the rail. For both the cases in Fig. 1, along
with the normal force applied by the levitation magnet, there
are three normal forces acting on the primary: attraction,
repulsion, and weight force. These forces act on the primary in
different directions as shown in Fig. 1(a) and (b). To reduce

Fig. 2. Structure of SLIM: (a) side view and (b) front view.

the cost of the levitation magnet and improve the levitation
process, the motor should be designed in such a way that
the three normal forces acting on the primary cancel each
other out.

In this article, design equations based on the equivalent
circuit model are presented for SLIM. Then, considering all
phenomena involved in the motor operation, the effect of
different design variables on the normal force and other perfor-
mance aspecnts are analyzed. Considering all effective design
variables, genetic-algorithm-based multi-objective design opti-
mization is proposed to minimize the primary weight and the
absolute value of the normal force on it, as well as to maximize
the efficiency and power factor. Including the normal force in
design optimization and canceling it out to reduce the cost
of the levitation magnet and improve the levitation process
for different levitation configurations are the main aims and
novelties of the current article.

As a case study, an example SLIM is initially designed and
optimized and then simulated using FEA. Simulations are then
shown to confirm the validity of the proposed design equations
and optimization approach. Finally, as a further validation,
the designed motor is constructed and tested showing good
accordance between the measurements and analytical results.

II. EQUIVALENT CIRCUIT PARAMETERS AND OUTPUT

EQUATIONS FOR SLIM

In the literature, equivalent circuit models have been widely
used to study the performance and design of SLIM [30]–[32].
In this article, the optimal design of the SLIM structure
sketched in Fig. 2, based on the model presented in [30] and
herein recalled, is addressed. The equivalent circuit parameters
of SLIM can be written as follows [16], [33]:

R1 = K R1 N2 (1)

X1 = KX1 N2 (2)

R�
2 = K R�

2
N2 (3)

Rm = K Rm N2 (4)

Xm1 = KXm1 N2. (5)

In the above equations, different coefficients are defined as
follows [33]:

K R1 = μw
2(Ws + lec)J1

MMF1
(6)

KX1 =
2μ0ω1

[(
λs

(
1 + 3

2p

)
+ λd

)
Ws

q + λelec

]
p

(7)
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K R�
2

= 6Wsek2
w

pτσeid
(8)

K Rm = K R�
2

(
1 − e−Q

Q

)
(9)

KXm1 = 6μ0ω1Wsek2
wτ

π2 pgei

(
1 − 1 − e−Q

Q

)
. (10)

In (6), (9), and (10), MMF1 and Q are the magneto-motive
force (MMF) required to produce the desired output thrust and
normalized motor length, respectively, which can be expressed
as follows:

MMF1 =
√√√√s2τ f1 Fxo

3K R�
2

(
K R�

2
/s + K Rm

)2 + K 2
Xm1

K 2
Rm

+ K 2
Xm1

(11)

Q = Ls K R�
2
ω1

Vr KXm

. (12)

In addition, the motor efficiency, input power factor, and
output thrust are derived as

η = Fx 2τ f1(1 − s) + 3(s − 1)Rm I 2
m

Fx 2τ f1 + 3I 2
1 R1

(13)

cos φ = [
Fx 2τ f1 + 3I 2

1 R1
]
/[3I1V1] (14)

Fxo = 3I 2
1 R�

2

s2τ f1

[
R2

m + X2
m1(

R�
2/s + Rm

)2 + X2
m1

]
. (15)

III. SLIM DESIGN

As it is seen from (1) to (5), to calculate the equivalent
circuit parameters and design SLIM, the number of turns per
phasen should be determined. To this end, one can calculate
the per-phase input impedance of the motor as follows (with
j and || representing the imaginary unit and parallel operator,
respectively):

Z = R1 + j X1 + (Rm + j Xm1) ||
(
R�

2/s
)
. (16)

Using (1)–(5) in (16) and applying Ohm’s law in the single-
phase equivalent circuit, the number of turns per phase is
derived as

N = √
V1/(Kz I1) (17)

where Kz = Z/N2 is a coefficient which is calculated as
follows:

Kz = K R1 + j KX1 + (
K Rm + j KXm1

) || (K R�2/s). (18)

By deriving the per-phase number of turns from (17), the
calculation of the equivalent circuit parameters and other
motor outputs is straightforward. The detailed procedure that
can be followed for the design process can be found in [16].

IV. ELECTROMAGNETIC NORMAL FORCE CALCULATION

The Maxwell equations are used in this section to calculate
the air-gap magnetic flux density. The basic Maxwell equations
in any region are [34]

∇ × H = σ(E + V × B) (19)

∇ · B = 0. (20)

In the above equations, V is the speed and σ is the material
conductivity. Supposing the conductivity of the air-gap equal
to zero, (19) reduces to

∇ × H = 0. (21)

It is assumed that the equivalent current sheet of the SLIM
primary has the following distribution over space and time:

j1 = Jme j(ω1t− π
τ

x) (22)

where Jm is calculated as follows:
Jm = 3

√
2N I1kw/(pτ ). (23)

By applying suitable boundary conditions and assuming a
theoretically infinite iron permeability, the air-gap magnetic
flux density in the x- and y-directions is derived as per the
following equations, (24) and (25), as shown at the bottom
of the next page. The time average attraction normal force
exerted on the primary (or secondary) of the motor is derived
as follows [19]:

Fya = Ws

4μ0

∫ Ls

0
Re

[
By By∗

]
dx (26)

where B∗
y denotes the complex conjugate of By . By substitut-

ing (25) into (26), after some mathematical manipulations, the
attraction normal force is obtained as

Fya = μ0 Ls Ws

4

J 2
m

sinh2(πgei/τ) + (σeidμ0sVs)
2 cosh2(πgei/τ)

.

(27)

Likewise, the repulsion normal force exerted on the primary
(or secondary) is calculated by the following equations [19]:

Fyr = Ws

4μ0

∫ Ls

0
Re[Bx Bx∗]dx (28)

Fyr = μ0 Ls Ws

4

(σeidμ0sVs)
2 J 2

m

sinh2(πgei/τ) + (σeidμ0sVs)
2 cosh2(πgei/τ)

.

(29)

So, the net electromagnetic normal force acting on the
primary in the y direction is calculated as follows:

Fy = μ0 Ls Ws

4

× 1 − (σeidμ0sVs)
2

sinh2(πgei/τ)+(σeidμ0sVs)
2 cosh2(πgei/τ)

J 2
m .

(30)

V. MODEL VALIDATION AGAINST FEA AND

SENSITIVITY ANALYSIS

In this section, the SLIM motor model presented in
Sections II–IV for normal force computation is first validated
against FEA simulations of a sample motor. Next, a sensitivity
analysis is presented to highlight how the motor performance
and the normal force acting on the primary depend on some
key design variables, as a premise to design optimization.
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TABLE I

SPECIFICATIONS OF INITIAL DESIGNED MOTOR

Fig. 3. Flux paths in the moving SLIM.

A. Model Validation Through FEA

To confirm the mathematical equations presented in
Sections II–IV and used for design optimization in the follow-
ing, an example SLIM is considered with design data listed
in Table I.

Figs. 3 and 4 illustrate the flux lines and flux density
map obtained by 2-D FEA in rated operating conditions,
respectively.

In Fig. 5, the electromagnetic normal force versus air-gap
length, input frequency, secondary sheet thickness, and slip
derived by analytical calculations for the example motor are
compared against those obtained by FEA. In the figure, for
each variable, FEA results are obtained at five points. It is
seen that the analytical results are in good accordance with
FEA simulations, confirming the accuracy of the mathematical
calculation models presented above and subsequently used for
design optimization purposes.

B. Sensitivity Analysis

The electromagnetic normal force exerted on SLIM is
affected by different design variables. In this section, the

Fig. 4. Flux density distribution in different parts of the moving SLIM.

Fig. 5. Electromagnetic normal force versus motor parameters for designed
SLIM.

effect of changing different variables in the design such as the
thickness of the secondary sheet, length of the air-gap length,
input frequency, and pole pairs are investigated with regard to
the example SLIM whose design data and ratings are provided
in Table I. In the following, while the effect of a single variable
change is studied, the other variables are maintained constant.

In Fig. 6, SLIM electromagnetic normal force versus design
parameters such as air-gap length, frequency, secondary sheet
(aluminum) thickness, and slip are illustrated. For each of the
design variable under consideration, the SLIM is designed
following the procedure described in Section III, in partic-
ular by adjusting the number of turns per phase, which is
constrained to be integer. This accounts for the discontinuous

Bx =
[

sinh(πy/τ)

sinh(πgei/τ) − jσeidμ0sVs cosh(πgei/τ)
− jσeidμ0sVs cosh(πy/τ)

sinh(πgei/τ) − jσeidμ0sVs cosh(πgei/τ)

]
μ0 Jme j(π x/τ−ω1 t) (24)

By =
[ −σeidμ0sVs sinh(πy/τ)

sinh(πgei/τ) − jσeidμ0sVs cosh(πgei/τ)
− j cosh(πy/τ)

sinh(πgei/τ) − jσeidμ0sVs cosh(πgei/τ)

]
μ0 Jme j(π x/τ−ω1 t) (25)
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Fig. 6. Electromagnetic normal force versus SLIM design variables.

Fig. 7. Electromagnetic normal force versus SLIM design variables.

behavior (jumps) that can be observed in some of the diagrams
reported.

In particular, it is seen in Fig. 6 that by increasing the air-
gap length, the normal force decreases. Also, by increasing
the input frequency at constant speed (20 m/s), the normal
force decreases until it becomes negative at high frequencies.
It means that the repulsion normal force is higher than the
attraction one, at high frequencies. In addition, increasing
both the thickness of the secondary sheet and the motor slip
reduces the normal force. The normal force takes a negative
value for large values of secondary sheet thickness and slip.
The variations in the electromagnetic normal force versus the
number of pole pairs, primary current density, primary width,
and number of slots/pole/phase are shown in Fig. 7. As it
can be seen, the number of slots/pole/phase does not have a
remarkable effect, and the number of pole pairs and primary
current density have low impact on the normal force (except
for the p = 1 case), while increasing the primary width
decreases the normal force.

Based on the obtained results, one can choose the design
variables of the motor in such a way that it minimizes the
electromagnetic normal force. In the next section, based on

TABLE II

DESIGN VARIABLE CONSTRAINTS

the obtained results and using genetic algorithm, the design
variables of the motor are optimized to cancel out the normal
force, in different conditions.

VI. OPTIMIZATION

Looking at Fig. 1(a) and (b), we can observe that three
normal forces, namely, attraction (Fya), repulsion (Fyr), and
weight force (Fyw), act on the primary, in different directions.
In Fig. 1(a), the repulsion force is positive, while the attraction
and weight forces are negative; in Fig. 1(b), the repulsion
and weight forces are negative, while the attraction force
is positive. In transportation applications, to facilitate the
levitation of the vehicle, it is beneficial to cancel normal forces.
In the following, the optimization is therefore performed in
such a way that the resultant normal force acting on SLIM
primary is driven to zero.

To optimize SLIM, different design variables can be cho-
sen under design constraints. Considering the results of the
sensitivity analysis presented in Section V, variables such as
input frequency ( f1),number of pole pairs ( p),primary current
density (J1),motor slip (s),primary width (Ws),thickness of
the secondary conductive sheet (d), and air-gap length (g)
are chosen as design variables. It should be mentioned that
although the number of pole pairs and primary current density
have low impact on the normal force, to increase the accuracy
of the model and the studies, they are included in design
optimization. The range of variation for each single design
variable is reported in Table II.

The objective function is normal force minimization. For
this purpose, however, design variables may be selected so
that they increase the efficiency and power factor and reduce
the primary weight. Therefore, efficiency, power factor, and
primary weight should be included in the objective function.
This is finally defined as follows:

f (x) = [η(x) × P.F.(x)]K1[
Primary weight(x)

]K2 × |Fy(x)|K3 × |Fyt(x)|K4

.

(31)

In the above equation, x is the vector of design variables and
Ki(i = 1 . . . 4) are constants which are chosen equal to either
0 or 1. Fy(x) is the electromagnetic normal force which is
defined in Section IV, and Fyt(x) is the total normal force
acting on the primary, wherein the force due to the primary
weight is included. For the situation in Fig. 1(a), the latter
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TABLE III

OPTIMIZED MOTOR DATA IN DIFFERENT SCENARIOS

force is defined as follows:
Fyt(x) = Fyr − Fya − Fyw (32)

while for the situation in Fig. 1(b), Fyt(x) is defined by

Fyt(x) = Fya − Fyr − Fyw. (33)

In this article, genetic algorithm is used for optimization
[35]. Using (31), optimization is performed for different
objective functions. In a first scenario, K1 = 1 and K2 =
K3 = K4 = 0 are chosen which leads to optimization of
the efficiency and power factor. In a second scenario, K1 =
K2 = 1 and K3 = K4 = 0 are chosen, so that, in addition
to the efficiency and power factor, the primary weight is also
optimized. In a third scenario, K1 = K2 = K3 = 1 and K4 =
0 are chosen, which means that in addition to the quantities
considered in the second scenario, the electromagnetic normal
force is also optimized. The fourth and fifth scenarios are
similar to the third scenario; the only difference is that the total
normal forces in Fig. 1(a) and (b) are chosen for optimization
instead of the electromagnetic normal force; so, in both the
scenarios K1 = K2 = K4 = 1 and K3 = 0. Thus, in the
fourth scenario in addition to efficiency, power factor, and
primary weight, the total normal force in the electromagnetic
levitation system shown in Fig. 1(a) is optimized; finally, in the
last scenario, the total normal force for the electrodynamic
levitation system shown in Fig. 1(b) is optimized.

The results of the optimizations are summarized in Table III.
The motor is designed to produce 500 ± 50 N at a speed
of 20 m/s.

In the first design scenario, in which the efficiency and
power factor are optimized, due to the fact that there is

no limitation on the primary weight, the dimensions of the
motor are large and the input frequency is comparatively low.
Also, the primary current density is 3 A/mm2, which leads
to higher efficiency. In this case, the electromagnetic normal
force is 2723 N. It is seen that the efficiency and the power
factor have been improved from 52.9% and 0.156 for initial
design to 69.4% and 0.84, respectively.

In the second scenario (K1 = K2 = 1, K3 = K4 = 0),
the primary weight is optimized in addition to efficiency and
power factor. As it is seen from the third column of Table III,
the primary weight is 18.2 kg which is lower than that for
the first scenario. In addition, the primary current density
is 6 A/mm2 which leads to reduced efficiency, in this case.
Besides, the number of pole pairs is reduced to 2. Also, the
power factor in this case is reduced compared with the first
scenario.

In the next scenario (K1 = K2 = K3 = 1, K4 = 0),
in which the absolute value of the electromagnetic normal
force is optimized in addition to efficiency, power factor, and
primary weight, the dimensions of the motor are comparatively
small but larger than their counterparts in the second scenario.
As seen in the fourth column of Table III, the normal force
in this case is reduced approximately to zero (Fy = 1 mN).
This means that the repulsion force between the primary and
secondary aluminum sheet is canceled out by the attraction
force between the primary and secondary back-iron. The
convergence characteristic of the normal force for the third
scenario is shown in Fig. 8. It is seen that the normal force
converges to its final value of 1 mN within 400 iterations.

In the fourth scenario, the total normal force exerted on
the primary in Fig. 1(a) is optimized in addition to efficiency,
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Fig. 8. Convergence characteristic of the normal force and total normal force for scenarios 3 and 4 of Table III, respectively.

Fig. 9. Flux density distribution in different parts of the optimized SLIM
(scenario 3).

power factor, and primary weight. As seen in the fifth column
of Table III, the secondary sheet thickness is 7.9 mm, which is
larger than those for previous scenarios. The high value of the
secondary sheet thickness increases the repulsion normal force
to compensate for the attraction normal force and the normal
force component due to the primary weight. In addition,
the magnetic air gap (g + d) is 20.4 mm in this scenario.
This high value of the magnetic air gap length deteriorates
the performance of the motor. So, the efficiency and power
factor are 60.4% and 0.136, respectively. Also, the normal
force is −6 mN which means that the repulsion normal
force cancels the attraction normal force and the normal force
due to the primary weight. Fig. 8 illustrates the convergence
characteristic of the total normal force for the fourth scenario.

Finally, in the last scenario, in addition to efficiency, power
factor, and primary weight, the total normal force exerted on
the primary in Fig. 1(b) is optimized. As seen in Fig. 1(b),
the attraction normal force is positive and opposite to the
repulsion normal force and the normal force caused by the
primary weight. So, in this scenario, the secondary sheet
thickness and the air-gap length are 3.4 and 8 mm, respectively,
which are lower than those in scenarios 3 and 4. Also, the
efficiency and power factor are 73.1% and 0.334, respectively,
which are higher than the efficiency and power factor in
scenario 4. The net normal force in this scenario is 12 mN.
Comparing the results of scenarios 3–5, it is seen that scenario
5 gives better performance than the other two scenarios.

Fig. 10. Constructed motor and test setup.

So, in transportation applications, an SLIM structure like
that shown in Fig. 1(b) may be recommended for levita-
tion purposes. It should be mentioned that the normal force
reported in columns 2–4 of Table III are the electromagnetic
normal forces and columns 5 and 6 are the total normal force
taking the normal force caused by the primary weight into
account.
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TABLE IV

COMPARISON OF THE CALCULATION AND FEA RESULTS

Fig. 11. Locked-primary input currents for input voltage of 78.57 V.

VII. VALIDATION

To confirm the optimization results, FEA and test results
are used as explained below.

A. FEA Simulations

To validate the optimization results, the optimized motors
given in Table III are simulated using 2-D FEM. Flux den-
sity distribution in different parts of the optimized motor of
scenario 3 is illustrated in Fig. 9, for instance. Fig. 9 shows
that the maximum value of the flux density in different parts
of the optimized motor is below 1 T. Also, the flux density
in the air gap and the secondary sheet does not exceed
0.2 T. This low value is due to the large elecntromagnetic
air-gap length (14.8 + 4.5 mm) in the optimized design. The
efficiency, power factor, thrust, and normal force are calculated
using FEA simulations. The FEA results are compared with
analytical calculations in Table IV. It is observed in this table
that the efficiencies obtained analytically are higher than those
obtained by FEA. This is a consequence of neglecting iron
losses in the analytical model, while they are included in FEA
simulations. Also, the differences between the power factors
obtained by two methods are due to edge effects which are
considered in analytical calculations but not in FEA. Instead,
the normal forces and thrusts obtained by FEA are very close
to the analytical estimations, confirming the validity of the
proposed modeling for design and optimization.

B. Experimental Results

For the purpose of further validation, the designed motor
given in the fourth column of Table III (scenario 3) has
been constructed and tested. Due to space limitations in the
laboratory, the length of the secondary rail is limited to 2 m.

Fig. 10 shows the motor and test setup. Considering the
nominal speed of 18.65 m/s, the motor cannot reach the steady-
state operation in 2-m rail. Thus, the tests have been performed
in locked-primary conditions (s = 1) under 50-Hz network

Fig. 12. Speed of the motor versus position (input frequency is 4 Hz).

TABLE V

COMPARISON OF THE CALCULATION AND EXPERIMENTAL

RESULTS AT STARTING

frequency. So, the input frequency is also set equal to 50 Hz in
calculations. Fig. 11 shows the measured three-phase locked-
primary input currents for an input voltage of 78.6 V. It is
seen that the amplitude of phase b is lower than the amplitude
of the other phases. This is because of the static end-effect
phenomenon. The phase a input current, thrust, and normal
force have been measured for different voltages lower than the
nominal value of 220 V. The forces have been measured by a
digital force-meter “Lutron FG-5100” connected to a computer
via serial port. The results are reported and compared with
calculations in Table V.

As can be seen in the table, the calculated input currents
are close to the measured values. The maximum error (6.1%)
is related to the current which has been obtained for an input
voltage of 20 V. Other errors of the input currents are less than
5%. It is also observed that the calculated starting thrusts and
the normal forces for different voltages are in good accordance
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with the measured ones, confirming the analytical calculations
and optimization method.

To check the transient behavior of the built prototype, the
speed of the machine has been measured and plotted versus
time, during starting in no-load conditions. Also, the measured
speeds at different positions are compared with those obtained
by FEA. As mentioned before, the length of the rail in the
laboratory is 2 m. So, to reach the steady-state condition in
2 m, the input frequency and the input voltage are decreased
to 4 Hz and 20 V, respectively.

To measure the speed, Atmega16 microcontroller,
TRCT5000 infrared module, and LM2596 dc–dc step
down regulator are used. In Fig. 12, the transient speed of
the motor versus position obtained by FEA is illustrated. It is
seen in this figure that the motor reaches the steady-state
value of 0.87 m/s in 2-m rail. The difference between this
speed and synchronous speed (0.92 m/s) is due to the friction
between the rail and the motor wheels. Also, the motor
speeds in different positions are measured and compared
with FEA results in Fig. 12. It is observed that the results of
the measurement are in good accordance with FEA results,
especially for high speeds.

VIII. CONCLUSION

Analytical expressions for the attraction and repulsion nor-
mal forces acting on the primary and sencondary of an
SLIM have been derived from the Maxwell electromagnetic
field equations. The effects of different design variables on
such forces have been investigated. A multi-objective design
optimization method is usend to minimize the primary weight
and normal force of an SLIM, in addition to improving the
efficiency and power factor. The results show that the normal
force with and without considering the primary weight can be
effectively canceled by appropriate selection of the design vari-
ables. Optimization results have been presented and discussed
considering different design scenarios, differing by the targets
assumed and the SLIM arrangement being considered. As a
validation, an optimized motor design is simulated using 2-D
FEA in rated conditions and also implemented into a physical
prototype which has been tested in locked-primary conditions
and during starting. The results of both FEA simulations and
experiments are in good accordance with analytical predictions
demonstrating the accuracy of the SLIM analytical model and
the optimization results obtained through it.

Given the importance of minimizing normal force in SLIM
applications to vehicle traction, this article can be a useful
reference for a computationally efficient machine optimization
based on easy-to-handle but sufficiently accurate analytical
equations.
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