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Abstract

Recently, a linear motor has been becoming widely popular in office automation (OA) and factory automation (FA)
systems due to its simple structure, high-speed operation, and precise positioning. In this study, a cored linear motor
was designed to have a large thrust and small ripple because these are considered as indicators of motor performance.
The thrust and ripple of the linear motor can be calculated by a finite element method (FEM) commercial program such
as ANSYS. To design the cored linear motor, first, the design variables were selected through ANOM and ANOVA.
The response surface method was applied to formulate the cost function of the second-order regression model, which
can evaluate motor performance. By optimizing the cost function, it was possible to realize quickly the optimum design
for a cored linear motor. As a result, the performance of the motor was improved.

Keywords: Cored linear synchronous motor; Table of orthogonal array; Analysis of means; Analysis of variance; Response surface
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1. Introduction

When we build a system using a rotator motor, me-
chanical transformation contrivances such as a screw,
a chain, and a gear box are needed to convert a circle
motion into a linear one. During this process, how-
ever, the energy efficiency is lowered because of en-
ergy loss from friction. To reduce energy loss, there-
fore, a linear motor that can produce linear motion
can be used instead of a rotator motor. As a control
tool of position and speed, a linear motor can provide
fast speed, a powerful thrust, and a precise dynamic
positioning [1, 2]. In fact, linear motors are used in
factory automation, magnetic levitation trains, and
semiconductor equipment, among others. Recently,
their application has been extended to small precision
products like hard disks and CD players.

Accordingly, there have been many studies on this
type of motor, including theoretical thrust analysis,
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and on special quality improvement based on elec-
tromagnetic force analysis like the finite element
method, equivalent magnetic circuit network method,
and so on. In relation to this, Mizuno and Yamada
(1999) studied the size effect of the permanent mag-
nets in a linear synchronous motor because these
magnets affect the static thrust and vertical force of
the core [3]. Yamada (1996) found the solution to an
optimization problem in order to maximize thrust
under the constraints of the thickness of the linear
motor and the values of the design parameters,
namely, the number of turns of the coil and the thick-
ness of the magnets [4]. Hong et al. (2006) studied the
improvement of the thrust of a transverse flux linear
motor by using the response surface method (RSM)
[5]. Choi et al. (1999) used the size and material of a
stator to increase gap magnetic flux density [6]. Some
researchers were able to achieve improved thrust
through the optimum design of the linear motor using
a genetic algorithm [7-9].

The purpose of this study is to increase the thrust of
the cored linear motor and make the motor cheaper
than other linear motors through optimization of the
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design considering the ripple. We set the design pa-
rameters and conduct experiments according to the
experiment design in order to achieve the optimum
design in a limited volume [10, 11]. Furthermore, we
choose the design parameters by using ANOVA and
ANOM. After using the response surface method and
setting the cost function, the optimum design can be
obtained through minimization of the cost function
[12,13].

2. Theory of the linear motor

2.1 Kinds of linear motor

A linear motor is basically a structure unfolding a
rotator motor, as shown in Fig. 1. A linear motor can
produce straight-line motion without the need for
mechanical transformation devices for a system need-
ing straight-line motion.

A linear motor may be classified as a linear step
motor (LPM), linear induction motor (LIM), linear
direct current motor (LDM), or linear synchronous
motor (LSM) according to its characteristics [§]. LPM
can operate without a permanent magnet and encoder,
and it is also cheap, but it has a low thrust. LIM can
produce a large thrust without a permanent magnet,
but its calorific value is large, and it has low accuracy
because it uses high electric current. LDM is supplied
with electric current via a commutator and brush, like
a DC motor, but its use is limited because it needs a
better control technique. Lastly, LSM using a perma-
nent magnet can produce high thrust, and it has high
efficiency as well as a low calorific value [9]. LSM is
classified further into the coreless type and the cored
type. This study implements the optimum design of
the cored LSM, which can produce thrust greater than
the coreless LSM, by using a common FEM package.

2.2 FEM modeling

In this study, we used low-frequency electromag-
netic analysis. Maxwell’s equations are used as the
governing equation. Eq. (1) shows Maxwell’s equa-
tions in low-frequency electromagnetic state.
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Fig. 1. The linear motor concept.

VxE = _6_B VxH=1J

o M
VeD=p VeB=0
where B is the magnetic flux density, and H is the
magnetic field intensity. E is the electric field inten-
sity, and D is electric flux density. J is the current
density, and p is the charge density.

The FEM simulation tool used to analyze the mag-
netic field is ANSYS. A basic model of a linear motor
consists of a fixed stator, the permanent magnets ar-
ranged above the stator, and a moving core, which is
wound by coils, as shown in Fig. 2. Table 1 lists the
material of each part. Each leg of the core is wound
with a coil of 190 turns and a flow of 3.8A electric
current with a 120-degree phase difference.

When the core passes a permanent magnet N-S
pole twice, this is one cycle. One cycle of the linear
motor designed in this study is 60mm; the thickness

Table 1. Composition of the parts.

Stator SS416
Core Silicon Core Iron
Magnet 950 A/mm of Coercive Force
ene 1.2 T of Residual Induction

Permanent
Magued

Fig. 2. FEM model of the Cored Linear Motor and Design
variables.

Ampere
=
T
1

Stroke (mm)

Fig. 3. Electric current value of the coil during one cycle.
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of the permanent magnet is 50mm, while the thick-
ness of the stator is 70mm. When a core moves
2.5mm, this is one step. The thrust is calculated by
FEM simulation with 25 steps, during one cycle. Fig.
3 shows the change in electric current at U, V, and W
during one cycle.

We performed 3-D nonlinear analysis. The number
of elements is 90,498. Fig. 4 shows the B-H curves of
the core and the stator.

Table 2 shows the initial values of the design pa-
rameters that are defined in Fig. 2. The simulation
with these initial values shows a change in the phase
of the thrust according to the position of the core, as
shown in Fig. 5.

Fig. 5 shows that a thrust is not fixed by the posi-
tion of the core, and it has a cycle. As a characteristic

Table 2. Initial design value (unit: mm).
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Fig. 4. B-H curves of (a) the core and (b) the stator.

400000

2217

of the thrust, the ripple has to be considered in an
optimum design. To express a ripple as a numerical
value, a standard variation of thrust, which is calcu-
lated in Eq. (2) during one cycle, is used. The lower
the ripple values are, the better the design is.

2.3 Measurement of the thrust through an experi-
ment

We have to confirm that the values calculated by the
FEM simulation tool are reasonable to use. Therefore,
we obtained the thrust of an existing linear motor by
experiment and compared this with the thrust calcu-
lated by a simulation tool. A digital indicator and a
load cell made by Sewoo Industrial System Co., as
shown in Fig. 6, were used in the experiment.

10

Force (N)

Strole (o)

Fig. 5. Directional force of the core during one cycle using
initial design values.

Fig. 6. A digital indicator and a load cell.
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Fig. 7. Comparison of thrusts between the experiment result
and the FEM simulation result.

The thrust measurement method followed these
procedures. First, a fixed amount of electric current is
made to flow into the digital indicator. At that time,
the motor should have a torque which pushes the push
gauge. Finally, the load cell measures the thrust.

Fig. 7 shows the result of the experiment and the
calculation. The calculated thrust by the FEM simula-
tion tool is a little smaller than the thrust that was
measured by the experiment. However, the pattern of
the thrust is very similar between the experiment and
the calculation. Therefore, it seems reasonable to
calculate the thrust using the FEM simulation tool.

3. Experiment design using the table of or-
thogonal array

3.1 Constitution of the table of orthogonal array

The experiment design refers to the plan of experi-
ments, including the method of setting up the experi-
ment to solve a particular problem, the method of data
collection, and the method of obtaining the most in-
formation by using the minimum number of experi-
ments based on statistical data analysis [14]. There-
fore, using the experiment design requires the selec-
tion of parameters about the problem, choice of an
appropriate experimental method, decision on the
experiment order, and selection of the optimum
analysis method for the data obtained from the ex-
periment.

In a general design, there are many parameters to
be considered. The table of orthogonal array consid-
ers all parameters but excludes information about an
interaction of a higher degree between parameters.
Therefore, we can make a plan of experiments with a

Table 3. Levels of the design variables (unit: mm).

Design Variables Level 1 Level 2 Level 3
A 1 3 5
B 0.5 1.5 2.5
C 9 12 15
D 5 10 15
E 10 13.5 17
F 4 6.5 9
G 3 6.5 10
Bk = i i i
I I I
Z r‘ | S T i U S N
= ¢ /1 TTITY Y
| / \ I I I
I I I
P i i | 1 1 1
A B C i} E ¥ G

Fig. 8. Illustration of the design variables’ effect for thrust
force.

small number. In the table of orthogonal array, many
parameters can be included without an expansion of
the experiment, and they can be used to easily calcu-
late the effect of parameters from the experiment data.
Moreover, we can employ ANOVA easily by using
the table of orthogonal array.

In this study, the seven design parameters are set as
shown in Fig. 2. Each parameter is classified into
three levels. Table 3 shows the values of parameters
according to the level. The table of orthogonal array is
formed by using the mixing tables of the orthogonal
array L,(2'x3"), which disperses uniformly the
interaction between the rows of parameters to other
rows. Table 4 shows the composition of the table of
orthogonal array, and the result of the simulation us-
ing ANSYS.

3.2 ANOM and ANOV A of the thrust

Based on the simulation result in Table 4, ANOM
is carried out to determine the parameters that affect
thrust. The larger the thrust is, the better the design is.
Table 5 and Fig. 8 show the effect of levels of design
variables and the variation of levels. The data show
that design variables A, B, C, and D have a greater
effect on thrust.

For quantitative analysis, the ANOVA of a thrust is
carried out as shown in Table 6. The result shows that
design variables A, B, C, and D have a greater effect
on the thrust because the P values of the design vari-
ables A, B, C, and D are smaller than 0.05.
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3.3 ANOM and ANOV A of the ripple
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No. |[A|B|C|D]|E|F|G| Force(N) | Ripple ANOM and ANOVA of the ripple were carried out
Lottt 51.79 533 as in the previous section. Unlike the thrust, the lower
2 1222222 48.73 1.32 the ripple is, the better the design is.

3 113131313133 3435 1.49 Table 7 and Fig. 9 show the ANOM of the ripple.
4 2011112121313 8702 6.09 The result indicates that design variables A, B, C, D,
s 1212121313111 67.69 1158 and G have an effect on the thrust. However, as a
e 1213131111122 169 Y02 result of ANQVA, only demgp variable B has a large
effect on the ripple, as shown in Table 8.
7 3121323 82.34 3.87
8 3121312 (1]3]1 72.44 14.22 Table 7. Analysis of the means of ripple.
9 3131 (32|12 51.46 6.67
Design Effect .
10 | 1f(13]3]2(2]1 68.65 25.77 . Deviation | Percentage
variables 1 2 3
11 1|21 (1[3]3]|2 3244 0.53
A 588 | 6.71 | 10.33 2.37 11.72
122 (1 (322|113 32.07 0.84
B 13.16 | 7.02 | 2.74 524 25.93
321123132 106.49 13.19
C 512 [ 5.62 | 12.18 3.94 19.50
4 |(2(2|13]|1]2]1]3 62.39 4.87
D 326 | 829 | 11.38 4.10 20.30
5 {21311 ]2]|3[2]1 45.71 2.52
E 753 | 794 | 745 0.26 1.30
16 |31 3]2|3[1]2 97.04 24.73
F 9.00 | 7.51 | 6.40 1.30 6.45
17 | 3(2|13]1]2]3 66.44 9.59
G 1039 | 8.07 | 446 2.99 14.80
8 |3 (3121 ]2(3]1 47.34 2.92
Total 20.20 100
Table 5. Analysis of the means of thrust. . . .
Table 8. Analysis of the variance of ripple.
i Effect -
D§sSn Deviation | Percentage Design S o v FO P
variables 1 2 3 variables
A 44.67 | 69.37 | 69.51 14.30 28.08 A 67.31 2 33.66 1.17 0.421
B 82.22 | 58.35 | 42.98 19.78 38.83 B 329.16 2 164.58 5.72 0.095
C 55.81 | 64.11 | 63.63 4.66 9.15 C 186.24 2 93.12 324 0.178
D 53.87 | 63.84 | 65.85 6.42 12.60 D 201.82 2 100.91 3.51 0.164
E 62.69 | 60.93 | 59.93 1.40 2.75 E 0.83 2 0.42 0.01 0.986
F 60.41 | 59.80 | 63.35 1.90 3.73 F 20.40 2 10.20 0.35 0.728
G 58.94 | 63.85 | 60.77 2.48 4.87 G 107.21 2 53.60 1.86 0.298
Total 50.93 100 Error 86.32 3 28.77
Total 999.29 17
Table 6. Analysis of the variance of thrust.
i Table 9. Initial design value for the response surface method
Dé?Slgl’l S o v o " g p
variables (unit: mm).
A 2453.83 2 1226.92 114.95 | 0.001 A B C D E F G
4692.64 2 2346.32 219.83 | 0.001 3 15 12 10 10 10
C 260.48 2 130.24 12.20 0.036
D 49384 | 2| 24692 | 2313 | 0015 7 : : : :
I I I I
E 23.49 2 11.75 1.10 0.438 ! ! ! !
1n | | | |
F 4326 | 2| 2163 203 | 0277 - /’ | i i e N, i \
5 |
G 7392 | 2| 3696 3.46 | 0.166 ! ! ! !
Eror | 3202 |3 | 1067 T
Total 807349 | 17 Fig. 9. lllustration of the design variables’ effect for ripple.
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3.4 Decision of the initial values for use in RSM

Generally, if the optimum design is achieved with
ANOM and ANOVA, the design values are the speci-
fied values. However, since the numerical values of
the design parameters are continuous, the specified
values cannot yield a real optimum design. Therefore,
as with the use of RSM which is carried out in the
next section, this study provides an optimum design
with other values in addition to the specified values.
Before using RSM, the design variables affecting
thrust and ripple should be determined from the re-
sults of analysis. Also, the initial design values that
are close to the optimum design values are deter-
mined in order to obtain a more correct RSM [15]. If
a multiplicity of variables is used, and the range of
parameter levels is wide, the reliability of a cost func-
tion made by RSM would be low.

Based on the results presented in the previous sec-
tion, the initial design values are obtained as in Table
9. In the same table, design variables E, F, and G,
which have less effect, are fixed, while design vari-
ables A, B, C, and D are set up.

4. The response surface method

4.1 Constitution of RSM

RSM is a chain of processes that assume a relation
between design variables and the response function as
a mathematical equation, assume a coefficient of
equation with the least square method from the meas-
ured data, and make a useful response surface model
[16]. In this study, a second response surface model is
used as given by Eq. (3).

71y )

y=p+ Z/foi +zzlﬁijxixj (3)

i=1 j>i

where x, are the design variables, n, are the num-
ber of design variables, and g, are the coefficients
assumed by the least square method.

Eq. (4) is the calculation method of the coefficient
of the response surface model.

B=X"X)"'X"Y 4

where X is a design matrix composed of experi-
ment points, and Y is a response vector.

4.2 Application of RSM

To start using RSM, employing the initial design
values found in the previous section, the experiment
design is made again. The number of design variables
is 4, and each variable has 3 levels, as shown in Table
10. On the basis of these data, a mixing table of an
orthogonal array L(2'x3") is made, as shown in
Table 11. A thrust has a value between SON and 100
N, and a ripple has a value between 1 and 8, so it is
difficult to compare these two objectively. Therefore,
these values are normalized by using Eq. (5) to lie
between -1 and 1. The lower the normalized thrust is,
the better the design is. Also, the lower the normal-
ized ripple value is, the better the design is.

Table 10. Level of the design variables (unit: mm).

v];::flrels Level -1 Level 0 Level 1
A 2 3 4
B 1 1.5 2
C 10.5 12 13.5
D 7.5 10 12.5

Table 11. Table of orthogonal arrays for the thrust and the
ripple.

No.|[A|B|C|D| Force | Ripple Nogil;zed No:g;ized
1 |-1|-1]-1{-1]7037 | 5.18 -0.018 0.270
2 |-1]10|0]0[6633| 2.00 0.183 -1
3 |-1|1|1]1(59.14| 3.14 0.543 -0.545
4 [0f|-1]0]|1]90.16]| 641 -1.008 0.766
510{0|1(-17139| 455 -0.069 0.019
6 |0|1(|-1]0[59.00( 2.67 0.550 -0.731
7 |1]|-1{1]0]93.14]| 7.12 -1.157 1.049
8 [ 1|0]|-1]1]7334]| 6.72 -0.167 0.889
9 |1]|1]0]-1]63.52] 3.35 0.324 -0.46
10 |-1{-1]0|0]80.97| 232 -0.549 -0.873
11 [-1/0|1]|1]70.72| 3.87 -0.036 -0.252
12 |-1]1]-1|-1|4824| 1.81 1.088 -1.075
1310 |-1|-1]1[8345| 576 -0.673 0.504
14 10[{0]|0]|-1]70.00| 2.83 0 -0.670
I5(0[1]1]0]6523]| 3.16 0.239 -0.536
16 | 1 |-1|1]-1]|8636| 7.24 -0.818 1.097
17 11]0(-1{0[7217| 4.60 -0.109 0.038
18 {1[1]0|1]69.05]| 6.64 0.047 0.855
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£ = (702; F)
®)
s, =845
Y25

As a result of the simulation, the response surface
of the thrust is given by Eq. (6), and the response
surface of the ripple is given by Eq. (7).

£(x) =-0.203-0.269x, +0.603x, —0.195x,
—0.141x, +0.114x7 —0.102x,> +0.09x,’

(6)
+0.067x,” —0.02x,x, +0.034x,x, —0.032x,x,
+0.032x,x; +0.037x,x, —0.039x,x,

r(x)=-4.89+6.26x, —3.83x, +1.27x,
+4.18x, —0.13x,” —0.82x,” +3.16x; @

+4.58x,” +0.83x,x, +3.3x,x, +1.29x,x,
+0.01x,x; +1.47x,x, + 0.94x;x,

where x are normalized design variables, and A, B,
C, D and are calculated by Eq. (8).

x=A4-3 x,=2B-3
8
x3:§C—8 x,=04D -4 ®)

5. Optimum design

5.1 Setting a cost function

Using the response surface functions of thrust and
the ripple calculated in the previous section, a cost
function of the linear motor is made. A cost function
is the summations of the response surface functions of
thrust and ripple because these two are normalized to
have a value between -1 and 1. Then we give a
weight to each function by multiplying a coefficient
like Eq. (9). The effect of the thrust is bigger than that
of the ripple in the optimum design, so weight a is
set as 2 and b is set as 1. By applying constraints,
the optimum design does not lean to any one side,
thrust, or ripple [17].

Minimize  c(x)=ax f(x)+bxr(x)
Subjectto  —-2<x, <2 —-2<x,<2 ©)
—-2<x,<2 -2<x,<2
f(x)<0.5 r(x)<0.5

5.2 Optimization of the cost function

The cost function calculated in the previous section
is optimized. The BFGS and SUMT methods using
the inverse barrier function are used as the optimum
techniques. Table 12 shows the optimum values.
Then using the optimum design values, the simulation
is conducted again. Table 13 presents the simulation
results, which are similar to those obtained by using
the cost function.

Table 14 and Fig. 10 compare the thrust and ripple
between the initial design and the optimum design.
The average thrust of the optimum design was 32%
higher than that of the initial design. However, the

Table 12. Calculated design values.

Design Transformed Optimum values
variables values (mm)
A -0.1539 2.85
B -1.5 0.75
C 0.2818 12.42
D -0.039 9.9

Table 13. Comparison of results between the simulation and
the response surface method.

Cost function Simulation | Error (%)
Thrust (N) 97.04 96.05 1.03
Ripple 4.15 425 2.35

Table 14. Comparison of results between the simulation and
the response surface method.

Initial simulation | Difference (%)
Thrust (N) 73.01 96.05 31.55
Ripple 3.81 4.05 6.30

e T T T T T

T

a0

Force (N}

6l -
—8— Oplimum design

—i— Tmitial design

20 I L L L I

Strole (mm)

Fig. 10. Comparison of the directional force of the core dur-
ing one cycle.
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ripple of the optimum design increased by 6%. This is
because the weight of the response surface function of
the thrust is bigger than that of the ripple. Therefore,
the motor is designed to have a large thrust. As a re-
sult, the summation of the normalized thrust and rip-
ple by using the optimum values with weights was
lower than the summation of the normalized thrust
and ripple obtained by using the initial values.

6. Conclusions

In this study, a shape of the cored linear motor was
chosen in a limited volume. The height of the stator,
the height and length of the permanent magnet, the
height and thickness of the core, and the gap between
the core and the permanent magnet were selected as
the design variables.

To obtain an efficient design, the table of orthogo-
nal array was used. We derived similar results by
using a full factorial experiment with the minimum
numbers of simulation. The design variables that af-
fect the thrust and ripple can be found through
ANOVA and ANOM.

We also constituted the table of orthogonal array to
have levels within narrow limits. By doing so, the
response surface model can be constituted with de-
sign values that are close to the optimum values, and
the cost function can be formulated more accurately
than the response surface function without the need
for previous studies in order to determine the initial
design values.

A cost function has to consider both the thrust the
ripple. Therefore, the cost function was constituted
with the use of a weight for the thrust and the ripple.
With this method, the designer can obtain the opti-
mum result he/she originally wanted. In this study, we
gave a weight rate of 2:1 in order to obtain a bigger
thrust effect. The average thrust also increased by
32% as compared to that using the initial design val-
ues through the optimum method.

In this study, the optimum design of the cored lin-
ear motor is made by using fast FEM simulation with
an upgraded computer and the minimum simulation
numbers through experiment design. With the use of
the same process, other linear motors can be designed
easily in addition to the cored linear motor.
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