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ABSTRACT Permanent-magnet linear synchronous motors (PMLSMs) have been widely used in various
industries. However, the inherent detent force of these motors limits their application range, especially in
high-precision motion and low-speed systems. In this study, magnetic field similarity (MFS) method and
edgy teeth-shape optimization are proposed to reduce the detent force. First, an equivalent model of the
PMLSM is established wherein the end effect is initially taken into consideration, and the parameters, such
as reluctance, energy, and detent force, are calculated. Second, the principle of the MFS is introduced, and
the main parameters that affect the detent force are obtained. The detent force is studied and analyzed
using parametric analysis, and the shape of the edgy teeth is optimized by particle swarm optimization.
The simulation verifies the correctness and applicability of the proposed method. Finally, a prototype is
fabricated and the experimental results verify the validity of the mathematical model and simulation results.

INDEX TERMS Magnetic field similarity, equivalent magnetic circuit, finite element analysis, tubular

permanent magnet linear generator, particle swarm optimization.

I. INTRODUCTION

Compared with traditional rotary drive systems, direct-drive
(D-D) systems remove mechanical conversion components,
which have higher efficiency, higher accuracy, and are
maintenance-free. In the last few years, D-D systems have
been widely used in industrial applications, such as numeri-
cally controlled machine tools [1]-[3], compressors [4], [5],
and wave power take-off systems [6], [7]. Among the many
kinds of topologies for linear motors, the permanent mag-
net linear synchronous motor (PMLSM) has the advan-
tages of high force density, rapid dynamic response, and
low thermal losses [8], [9]. Therefore, it is ideally suited
to electrical power generating systems and other industrial
applications. In recent years, the PMLSM has attracted the
interest of many experts and scholars and has achieved
research results [10]-[13]. However, the inherent detent force
limits its applications. Detent force may cause system oscilla-
tions or even destroy the stability of the system, especially in
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high-precision motion and low-speed systems. Thus, reduc-
ing the detent force is a key technique and an important
research field in PMLSM design.

The detent force consists of two parts [14], namely, cog-
ging and end effect force. Cogging force is caused by the
attraction between permanent magnets (PMs) and ferromag-
netic cores, and end effect force is caused by the finite length
of the stator core. Presently, various methods are being used
to reduce detent force. PM pole pitch [15], [16] and skewed
PM [17] technologies are used to reduce cogging force.
However, such methods increase the processing difficulties
and manufacturing costs of motors. End effect force is often
reduced by choosing a suitable stator length[18], [19], or adds
auxiliary slots [20].

A magnetic field similarity (MFS) method is proposed
in this study to reduce the detent force of PMLSMs. The
structure of this thesis is as follows. In Section II, an equiv-
alent magnetic circuit model is established and the expres-
sion of the detent force is derived according to the principle
of virtual work. In Section III, the optimization methods
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are proposed. In Section IV, a prototype is manufactured by
the optimum results and the experiment results are discussed.
Finally, the paper is summarized, and the current unsolved
problem and direction for future research are presented.

Il. STRUCTURE AND EQUIVALENT MAGNETIC

CIRCUIT MODEL

The 3-D diagram structure of the designed PMLSM is illus-
trated in Fig. 1. The motor is composed of two parts: primary
and secondary. The primary consists of the stator and the
three-phase windings, and the secondary consists of the PMs
and the back iron. Halbach magnetized PMs are employed
because of the inherently sinusoidal waveform in the air
gap field distribution and because they create an essentially
sinusoidal electro-motive force waveform and simplify the
power post-processing. A modular winding is employed,
which offers significant advantages over conventional tubular
machines. Each phase winding consists of concentrated coils
that are disposed adjacent to each other, resulting in a high
winding factor and a small number of slots for a given num-
ber of poles. Modular windings lower manufacturing costs
and result in a fractional number of slots per pole. Thus,
the cogging force caused by the stator slots can be very
minimal [21], [22]. The main parameters of the PMLSM are
shown in Table 1.

Air-gap Back-iron Winding

|
v

Stator Permanent Magnet

m

FIGURE 1. Structure of the PMLSM.

TABLE 1. Main parameters of the PMLSM.

Parameters  Items Values
T Pole pitch 33.8 mm
T Slot pitch 30 mm
R, Outer radius 245 mm
R; Inner radius 150 mm
g Air gap 3 mm
Wie Width of end teeth 13 mm
H, Thickness of yoke 12 mm
W, Width of slot 18.6 mm
H, Thickness of back iron 10 mm
H,, Thickness of PM 3 mm
Lyi Length of primary 311.4 mm

The reluctance of the PM, air gap, teeth, and yoke is consid-
ered. Leakage reluctance of the end teeth is also considered
because of the edge effect. The primary iron and the back
iron are assumed to be unsaturated because the flux density
in the back iron is lower and the reluctance of the back iron is
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also neglected. The equivalent magnetic circuit (EMC) model
is shown in Fig. 2.
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FIGURE 2. Equivalent mode of the PMLSM.

A general expression for the value of a reluctance is given
as follows:

I.H
T AB’
where H is the magnetic field intensity in the circuit, B is
the magnetic flux density in the circuit, /. is the length of the
magnetic circuit, and A, is the cross section of the magnetic
circuit.

With this equation, the air-gap reluctance R, can be
expressed as

Ry ey

Kcg
Ry = ———F—"——,
wocilpe(by + by)
where K, is the Carter factor, g is the length of the air
gap, o is the magnetic permeability in the vacuum, «; is
the pole arc coefficient, I, is the effective thickness of the
laminated core, and b; and b, are the width of the teeth and
the slot, respectively.
The reluctance of the PM is calculated as
_ hpm / Mm
b mocilpe me '
where Ay, is the thickness of the PM, u,, is the relative
magnetic permeability of the PM, and W, is the width of
the PM.
The expression of the teeth reluctance (R;) and the yoke
reluctance (Ry) are calculated respectively as

@)

(€)

R, = 150 + 15B 4
' 3b,lpe( + 15B,7) 4
and
by 10
Ry = i (150 4+ 15B,"), @)
ylFe

where A, is the length of the teeth, B, is the magnetic flux
density of the teeth, by is the height of the yoke, and £, is the
translator yoke height.
The slot leakage reluctance R, is calculated as
2by
7 /’LOhlee '
where A is the slot height.

(6)
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According to the magnetic circuit characteristics of the
PMLSM, the ith magnetic flux ¢; is calculated in (7), as
shown at the bottom of this page, where k; is the coefficient
of the flux distribution; F,, is the magnetic motive force; /iy,
is the thickness of the PM; H., is the coercivity of the PM; and
R, R0, Ry, Rpp, Ry, and R, are the reluctance of the teeth,
teeth shoe, air gap, PM, leakage flux, and yoke, respectively.

The energy of the ith magnetic flux is calculated according
to the formula of energy density u,, = B>/2u. Therefore,
the whole energy of the primary is

N-1 2 2
W= Z [ht+ht0+hpm+hg ¢,‘ + d’,’
part 20lpe Wpm 1 —k ki+1

bs¢?
2NfOlFehy
®)

)+ I

Supposing that the relative position between the primary
and secondary is x, the detent force can be calculated by the
principle of virtual work as

ow
F=——
0x
N—1 2 2
Z—Z ht+h10+hpm+hgi ¢i ¢i )
- 20lpe Wpm ox 1—k ki+1
by  0¢?
I ©)

2ps0lrehy 3x

Ill. DESIGN OPTIMIZATION AND COMPARATIVE STUDY

The design optimization of the PMLSM is a nonlinear con-
strained and mixed discrete multiple variable optimization
problem. The material cost, output power, and minimum
detent force are important issues in PMLSM design. The
improvement of the output power is often accompanied by
an increase in material costs. Therefore, it is impossible to
achieve the optimum for each objective. The corresponding
optimal solutions are a compromise between the objectives
by making them as close to their optimums as possible. In this
study, the goal of optimization is to obtain the minimum
detent force and the maximum output power without increas-
ing the material costs. As no core disconnection exists in the
rotating motor and the longitudinal end effect does not exist,
the magnetic circuit distribution of the rotating machine is
completely symmetrical. However, the longitudinal end effect
exists in the linear motor from the disconnection of both
sides. The longitudinal end effect not only causes distortions
in the air magnetic field on both sides but also affects the
distribution of the magnetic field in the core. Therefore,
to address the different magnetic fields between the rotary

and the linear motor, the MFS method is proposed to reduce
the detent force.

A. MFS METHOD

Compared with the linear and the rotary motor, the distribu-
tion of the magnetic field of each magnetic pole is equal in
size to the loop magnetic flux formed by the two adjacent
magnetic poles under the rotary motor. However, the distri-
bution of the magnetic field in each pole is uneven under the
linear motor. Therefore, the longitudinal end effect causes the
unevenly distributed magnetic field in each magnetic circuit.
If a reasonable method can be employed to equalize the
distribution of the magnetic field in the linear motor and the
rotary motor, the longitudinal end effect may be eliminated
and the detent force may be effectively decreased.

FIGURE 3. Magnetic field distribution of a PMLSM.

According to the principle of basic magnetic circuit,
the magnetic field lines start from the N pole and close at the S
pole. The dotted line describes the magnetic field distribution
in the no-load condition, as shown in Fig.3. To analyze the
magnetic field that crosses each tooth, the distribution coef-
ficient of the magnetic circuit k; expresses the proportion of
the tooth width in the i-th tooth and the (i — 1)th tooth, which
forms the magnetic circuit for the i-th tooth to the entire tooth
width with the value of 0—1. Its value depends on the magnetic
resistance of the two parallel magnetic circuits. The magnetic
circuit is not saturated when there is no current in the winding
and the reluctance mainly comes from the air gap and the PM,
which is approximately the ratio of the equivalent air gap to
the thickness of the PM. The parameters are shown in Fig. 3.
The k; is calculated as follows:

ko Wy _ @ ~ heo + hpm
(1 —k)Wp,  Rpy1 hgi +hpy’
where W), is the width of the teeth; Ry and Rgo are the
reluctance of ¢/ and ¢2, respectively; hy is the air gap; and
hg1 is the equivalent air gap of the side teeth.

We assume that the distribution of the PMLSM is uniform

and the coefficients of the flux distribution are all equal to k.

(10)

é 2 X Fpp
T Riipm + Ritg + Ri1:0 + Ri1r + Ripr + Ripro + Riog + Riopm + Ry + R
2x H, x hy,
- Ki(1=k) @

(Rt + RtO + Rg + Rpm + Ro')ki+(]7ki) + Ry
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Therefore, the flux of the first magnetic circuit ¢y, is given
in the following equation:

2F 2

1L =——=

ki ———5— (11
R hg+hg + 2hpy

where hé, is the equivalent air gap of the first teeth.
Compared with the rotary motor, the flux of the first mag-
netic circuit ¢ (R is

2F 2

pir=5— =k

P — (12)
Rir 2hg + 2/’lpM

Therefore, if ¢11. = @R, then the end effect can be ignored
in the linear motor and the air gap and the equivalent air gap
of the first teeth is satisfied with

hy = I, (13)

The equivalent air gap for the first magnetic circuit should
be equal to the air gap for the rotary motor to have the same
magnetic field distribution. Moreover, the slot topology of the
rotary machine is the same as that of the PMLSM. Therefore,
if the longitudinal end effect of the PMLSM is eliminated,
then the magnetic field distribution for the PMLSM will be
uniform as long as the first equivalent air gap is the same
as the intermediate air gap. The longitudinal end effect is
eliminated and the detent force is reduced. This method is
called the MFS.

According to the aforementioned principle, two methods
can be used to eliminate the longitudinal end effect. The first
is to increase the width of the end teeth, and the second is
to decrease the actual air gap of the end teeth. The latter
methodology may reduce the power density. The distribution
of the magnetic field for the end tooth with the (a) original
structure and the (b) optimized structure are shown in Fig. 4.
A part of the leakage magnetic flux in (a) becomes the main
magnetic flux in (b). Thereby, the rate of change of the
magnetic flux is decreased and the end force is effectively
reduced.

(@ (b)

FIGURE 4. Distribution of magnetic field. (a) Original structure.
(b) Optimized structure.

The detent force for the original and optimized end teeth
structures are shown in Fig. 5, and the negative and posi-
tive maximum detent force for the original and optimized
end teeth structures are shown in Table 4. The detent force
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FIGURE 5. Detent force for different end teeth structures.

TABLE 2. Negative and positive peak detent force for different end teeth
structures.

End teeth structure Positive Negative
maximum value (N) maximum value (N)
original 714.9 719.3
optimized 141.0 172.3

is effectively reduced after optimization. Compared with
the original structure, the positive and negative values are
decreased 80.3% and 76.1%, respectively, after optimization.

B. OPTIMIZED PRIMARY LENGTH

The end effect force is caused by the disconnection of the
PMLSM at both ends of the linear motor. According to For-
mula (9), the end effect is directly related to the length of the
primary (Lp,;) and can be decreased by optimizing the param-
eter of Ly,;. To verify the accuracy of the analysis above,
a 2-D finite element analysis (FEA) model is established
according to the data of Table 1. Detent force is calculated
using the parametric analysis for different lengths of the
primary. The calculated results are shown in Fig. 6. The detent
force is smallest when the length of the primary is equal to
326.7 mm. The negative and positive detent force maximum
values for the different primary lengths are compared to
further demonstrate the effectiveness of this method and are
shown in Table 3. Compared to when L,,; equals 323.7 mm,
when L,,; equals 326.7 mm, the positive and negative values
are decreased by 64.2% and 64.3%, respectively. The FEA

323.7 mm
324.7 mm
325.7 mm
—— 326.7 mm
327.7 mm
328.7 mm
329.7 mm

1007\

Detent Force (N)
=]

| 1 I
10 20 30 40 50
Position (mm)

FIGURE 6. Detent force for different primary lengths.
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TABLE 3. Comparison of the negative and positive maximum detent force
values for different primary lengths.

Primary Positive Negative
length (mm) maximum value maximum value
@) @™
323.7 4272 422.4
324.7 340.1 345.1
325.7 249.6 256.3
326.7 151.2 150.9
3274 203.5 210.2
328.7 279.1 285.4
329.7 351.7 365.1

200
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FIGURE 7. Comparison of FEA and EMC.

and the EMC are compared in Fig. 7, wherein the EMC
solutions agree extremely well with the finite element results.

C. OPTIMIZED SHAPE OF AIR GAP AND EDGE TEETH

The electromagnetic energy conversion of the motor mainly
occurs in the air gap. Therefore, a strong relationship exists
between the structure and length of the air gap area and the
electromagnetic performance, including the detent force. The
detent force caused by the longitudinal end effect is optimized
through the shape of the edge teeth and the air gap. The
parameters are defined in Fig. 8. The design object is defined
as the minimum detent force in its peak-to-peak value. The
particle swarm optimization (PSO) algorithm is employed in
this study, and the flowchart for the PSO algorithm is shown
in Fig. 9. Detailed descriptions of the PSO algorithm can

FIGURE 8. Design parameters for the edge teeth and the air gap.
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FIGURE 9. Flowchart for the PSO method.

be found in Ref. 23 and 24. The parameters W,q4,, (width
of the edge teeth) and W,4 (width of the bulge edge teeth)
are optimized by the PSO algorithm. The specific parameters
after optimization are shown in Table 4.

TABLE 4. Optimized parameters.

Parameter Items Value

Ly Length of primary 326.7 mm
Woa Width of bulge tooth 18 mm
Wea i Width of edge tooth 14.4 mm

The detent force for the traditional and arc structures
are shown in Fig. 10. The negative and positive maximum
detent force of the two types of air gap structures are shown
in Table 5. The detent force in the air gap arc structure is
smaller than that in the traditional structure.

According to the principle of virtual work, cogging forces
can be expressed as follows:

LWL a9k

ox 2% ox
where @ is the air gap flux. The distribution of the magnetic
field in the (a) traditional and (b) optimized arc structures are

(14)
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FIGURE 10. Detent force for original and optimized structures.

TABLE 5. Negative and positive maximum detent force values for
different air gap structures.

Air gap structure Positive Negative peak
maximum value (N) maximum (N)
Traditional 141.0 172.3
optimized arc 64.0 65.0
= =
(@) (b

FIGURE 11. Distribution of magnetic field. (a) Traditional structure.
(b) Optimized arc structure.

shown in Fig. 11. The effective air gap volume is increased
for the optimized arc structure, which results in a decrease of
the flux rate, in turn causing the reduction of the position
rate of change for the magnetic field energy and reducing
the cogging force. A comparison of the negative and positive
detent force maximum values for different air gap structures
are shown in Table 4. Compared with the traditional structure,
the positive and negative detent force values for the optimized
arc structure are decreased by 54.6% and 62.3%, respectively.

IV. EXPERIMENTAL TEST RESULTS

To verify the validity of the optimization methods and the
simulation results, a prototype was fabricated as shown
in Fig. 11. The secondary and the primary are shown
in Fig. 12. The parameters of the prototype are designed
according to the optimization results. The designed generator
is used to convert wave energy into electric energy. There-
fore, the structure of the outer secondary is employed to
conveniently install the buoy and increase the power den-
sity. Through the investigation discovery, the wave height is
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FIGURE 12. Prototype.

approximately 0.7-1.5 m, and the wave length is approx-
imately 10-30 m in the experimental sites. Thus, a stroke
length of 1.6 m is chosen.

The detent force measurement mainly adopts the method
called the direct measurement of two-way reciprocating
motion. The basic principle of this method states that the
frictional force is the same as the magnitude, but they go in
different directions in the same location. The detent force can
be accurately measured because this method can counteract
the influence of the frictional force. The PM linear motor has
areciprocating motion under a low-speed condition, in which
the pull force is simultaneously measured by a force sensor.
The principle diagram for the detent force measurement sys-
tem is shown in Fig. 13. When the PMLSM is moving upward
at low speed, the force equation is as follows:

Fy(x) — f(x) — Fa(x) = Mg. 15)

(2) (b)
FIGURE 13. Secondary and primary. (a) Secondary. (b) Primary.

When the motor is moving downward at low speed,
the force equation is as follows:

Fp(x) — Fa(x) = Mg — f(x), (16)

where Fy(x) and Fp(x) are the upward and downward forces
for the measurement values of the sensor, respectively; Fg(x)
is the detent force; f(x) is the friction; M is the mass of
primary of the motor; and x is the relative location between
the primary and the secondary.
According to Formulas (15) and (16), the expression for
the detent force of is obtained as
Fp(x) + Fy(x) — 2Mg
> .
The test process is shown in Fig. 14. The measurement is
performed three times on each point, and the average data are

taken as the detent force. The data for the measurement and
the FEA are shown in Fig. 15. The trend of the detent force

Fa(x) = (17)
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FIGURE 14. Principle diagram for detent force measurement.

FIGURE 15. Measurement of detent force.

Detent force (N)
(=]

A
S

-100 I L I I |
20 30 40 50
Position (mm)

FIGURE 16. Comparison values for the measurement and the FEA.

has good agreement with the FEA, and the experiment shows
the validity of the aforementioned method. However, the data
for the measurement are larger than the FEA. The main
reason for the difference between the experiment and the
FEA is that some factors were ignored during the numerical
calculation, such as the eddy current and stray losses, because
the experiment system was working at a low-speed condition.
Therefore, the frequency of the generator is considerably
lower than the power frequency.

VOLUME 7, 2019

V. CONCLUSIONS

This study presented the methods to reduce detent force
and end effect force by optimizing the length and shapes of
the sides of the primary. In addition, the cogging force was
reduced by optimizing the primary slots and the air gap struc-
ture according the principle of the MFS method. The equiv-
alent magnetic circuit model was established considering the
end effect. According to the energy density, the expression of
the detent force was calculated using the parameters K;, Ir,
and so on. Through the calculations, the following conclu-
sions are presented:

1) A strong relationship exists between the detent force
and the length of the primary, and optimizing the length of the
primary can greatly reduce the detent force. To analyze the
proposed model, the positive and the negative detent force
values may be reduced by 64.2% and 64.3%, respectively.

2) The shape of air gap influences the detent force. The
distribution of the magnetic field changes when the shape of
air gap changes, reducing the position rate of change for the
magnetic field energy. Therefore, the detent force is greatly
reduced.

3) The detent force may be effectively reduced by optimiz-
ing the shape of the end teeth. Compared with the original
shape, the positive and negative values are decreased by
50.6% and 50.7%, respectively, after optimization.
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