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Abstract — This paper proposes an improved analyt-
ical method to calculate the two-dimensional air gap
magnetic field (AGMF) of the permanent magnet array
in trapezoidal Halbach permanent magnet linear syn-
chronous motors. The influence of the trapezoidal mag-
net bottom angle a, equivalent width coefficient ay,
height coefficient a, and air gap height coefficient a,
on the amplitude and harmonic distortion rate of the
air gap central magnetic field is analyzed. Based on the
equivalent surface current method (ESCM), an improved
equivalent algorithm based on trapezoidal side length is
proposed for the trapezoidal Halbach permanent magnet
array (THPMA). The equivalent analytical formula of
two-dimensional air gap flux density is derived and veri-
fied by the finite element method (FEM). Results show
that the improved equivalent surface current method
(IESCM) is convenient and accurate and is suitable for
magnetic field calculation of irregular magnetic poles
with arbitrary section shape. Analysis shows that, com-
pared with a rectangular magnet, when the bottom angle
a of the magnet is greater than 90°, AGMF can obtain the
maximum peak value of magnetic flux density (Bpeak)
and the minimum total harmonics distortion of magnetic
flux density (THDp).

Index Terms — Air gap magnetic field, harmonic dis-
tortion rate, improved equivalent surface current method
(IESCM), permanent magnet linear synchronous motor
(PMLSM).

L. INTRODUCTION
A permanent magnet linear synchronous motor
(PMLSM) as the core of the power system has the
advantages of simple structure, large thrust-to-volume
ratio, high efficiency, and accurate positioning. It is
highly valued by researchers. With the development of
high-end manufacturing, in precision and ultra-precision
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servo drive systems, applications of PMLSM are used
to replace the traditional rotary motor-screw to achieve
precise motion and positioning [1-3]. The air gap mag-
netic field distribution of PMLSM plays an important
and decisive role in its performance such as back EMF,
thrust, and vibration and noise [4-5]. Therefore, how
to accurately analyze the air gap magnetic field of the
PMLSM is particularly important to study the amplitude
of the air gap magnetic field of the PMLSM and reduce
the THDg.

The analysis methods of the air gap magnetic
field (AGMF) include numerical and analytical methods.
Among them, the numerical method represented by the
finite element method (FEM) is mainly used to calcu-
late complex boundary, multiple media, and nonlinear
problems. However, the pre-processing and calculation
process is time-consuming, and it is generally used to
verify electromagnetic performance after the determina-
tion of various dimensional parameters. Common analyt-
ical methods include equivalent magnetization method,
equivalent magnetic circuit method, equivalent magnetic
network method, conformal mapping method, and equiv-
alent surface current method (ESCM). References [6—
8] use the equivalent magnetization method to calculate
the no-load AGMF of PMLSM. By optimizing the shape
and size of the permanent magnet, sinusoidal distribution
of the no-load AGMF of the motor is improved; how-
ever, this method is only applicable to the solution of
the electromagnetic field of regular magnet shape whose
boundary is parallel to the coordinate axis, the medium
is required to be uniform, and the constraint condition
that the magnetization direction is completely parallel to
the direction of the coordinate system must be satisfied.
Therefore, the secondary magnetic field of the motor
often needs to be simplified by the equivalent magneti-
zation method, which can cause large errors in calcula-
tion of AGMF. The equivalent magnetic circuit method
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has the advantages of intuitive physical concept, sim-
ple to use, and fast calculation speed. References [9—
10] use the method to divide the magnetic field to be
solved into several independent elements, calculate the
magnetic conductivity of each element, and then form
a magnetic network model through connecting nodes to
calculate the magnetic circuit, and compare the calcula-
tion results with FEM. However, the method is difficult
with small structures; for example, when modeling the
motor magnetic field, it is necessary to consider the small
changes in the magnetic network structure caused by
the changes of the primary and secondary relative posi-
tions. The equivalent magnetic network method consid-
ers the local saturation effect of magnetic circuit accord-
ing to the principle of equivalent flux tube. In references
[11-12], the motor is divided into several independent
unit magnetic fields with uniform medium and regular
geometry to calculate equivalent magnetic conductivity.
According to the similarity between the magnetic net-
work and the electrical network, the magnetic network is
calculated by the node method, and the air gap magnetic
density distribution is obtained. However, the method
struggles to solve the magnetic conductivity of adjacent
nodes, the amount of data calculation before and after
the nodes move is large, and the calculation model lacks
universality. The conformal mapping method is similar
to the numerical method. References [13—15] use this
method to calculate the normal and tangential magnetic
flux density of the secondary magnetic field. The method
is suitable for homogeneous and isotropic fields, but does
not consider the saturation effect, so the accuracy of the
magnetic field distribution in the solution domain of the
permanent magnet is not high.

ESCM is an effective method to calculate the mag-
netic field of a permanent magnet. The method regards
the interior of the permanent magnet as a vacuum, and
the magnetic field generated by the permanent magnet is
equivalent to the magnetic field generated by its surface
current layer. The method does not consider the complex
calculation inside the magnet but converts the complex
shape magnet to the current layer magnetic field calcu-
lation on its corresponding surface, effectively improv-
ing calculation accuracy. Reference [16] analyzed and
calculated the primary and secondary magnetic fields
of PMLSM of a trapezoidal Halbach permanent magnet
array (THPMA) and analyzed and optimized the influ-
ence of secondary structure parameters on AGMF. In ref-
erence [17], the analytical formula of the space magnetic
field of a single permanent magnet is derived by using
this method. The expression of the secondary magnetic
field of the conventional PMLSM is obtained by coordi-
nate transformation and compared with the finite element
simulation results. References [18-20] analyze the mag-
netic field of PMLSM by using this method, establish
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the magnetic field models generated by armature wind-
ing and permanent magnet, respectively, and obtain the
air gap flux density of the motor. It can be seen from
the above analysis that the accuracy of various AGMF
calculation methods is greatly affected by the geometry
of the permanent magnet, resulting in low accuracy of
the calculation results which cannot reflect the internal
characteristics of the real AGMF. Especially when the
geometry of the permanent magnet is irregular and the
magnetization direction is complex to rotate, calculation
difficulty and deviation of AGMF are particularly obvi-
ous. In addition, research on the amplitude (Bpeak) and
THDg of AGMF in PMLSM with rectangular permanent
magnet structure is relatively sufficient. Limited by the
rectangular permanent magnet structure, research results
are limited to the case that the bottom angle is equal to
90°. However, a trapezoidal permanent magnet (TPM)
changes the rectangular structure of the traditional rect-
angular permanent magnet, resulting in the need to con-
sider the influence of the trapezoidal bottom angle in
AGMF calculation. Existing research on the influence of
permanent magnet structure with bottom angle not equal
to 90° on the Bpesk and THDp in AGMF has not been
shown.

In summary, to accurately calculate the AGMF of
a trapezoidal Halbach PMLSM and reveal the influence
law of the TPM bottom angle on AGMF Bpe, and
THDg, this paper takes the two-dimensional AGMF of
the secondary of the U-shaped PMLSM as the research
object and, based on the ESCM, an improved equiva-
lent algorithm with the trapezoidal side length as the unit
is proposed for the THPMA. The equivalent analytical
formula of two-dimensional air gap magnetic density is
derived and verified by FEM. At the same time, the influ-
ence law of trapezoidal magnet bottom angle, equivalent
width coefficient a,,, height coefficient a;, and air gap
height coefficient a, on amplitude change, and THDg of
the central magnetic field in the air gap are analyzed.

II. MODEL OF THPMA

The three-dimensional topology of the THPMA
studied in this paper is shown in Fig. 1. The secondary
is composed of back iron and TPM. Because the bilat-
eral secondary of the motor is "U” shape and arranged
neatly, the magnetization direction of the adjacent per-
manent magnets is 90 different. Therefore, we take one
of the symmetrical Halbach array periods for research,
as shown by the red box in Fig. 1.

It can be seen that THPMA is strictly symmetrical
along the center of the vertically magnetized permanent
magnet in one cycle, so the vertically magnetized per-
manent magnet is set as the main magnetic pole. AGMF
changes as the bottom angle a(0<a<n/2, n/2<a<m) of
the trapezoidal magnet changes. Generally, the length of

70



Permanent magnet

Fig. 1. Three-dimensional structure diagram of THPMA.

the permanent magnet is much larger than the other two
directions. Therefore, the three-dimensional model can
be equivalent to the two-dimensional model, as shown in
Figs. 2 (a) and (b). The center of symmetrical main mag-
netic pole is the y-axis, the center line of the air gap is
the x-axis, magnet height is A, air gap height is g, pole
pitch is 7, and waist width of the main magnetic pole is
the equivalent width w.
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Fig. 2. Two-dimensional structure diagram of THPMA:
(a) a<90° and (b) a>90°.

When solving the AGMF generated by the above
secondary array, the following assumptions are made for
the magnetic field:

(1) The secondary array of the motor is infinitely
long along the x axis.

(2) The magnetic permeability of the secondary
yoke of the motor is infinite.

(3) The magnetization of the permanent magnet is
uniform, and its relative permeability u, = 1.
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III. IMPROVED EQUIVALENT SURFACE
CURRENT METHOD (IESCM) MODELING
AND CALCULATION RESULTS

In order to make the research method universal, the
model parameters are dimensionless and the characteris-
tic length is 7. The following three dimensionless struc-
ture coefficients can be obtained: equivalent width coef-
ficient a,,, a,, = w/7; height coefficient a;, a, = h/T;
air gap height coefficient a,, a, = g/7.

A. Model of IESCM

According to ampere molecular circulation hypothe-
sis, the magnetic field at any point in the external space is
excited by all the molecular currents neatly arranged in
the permanent magnet. Because the permanent magnet
is uniformly magnetized, the effect of molecular current
in the permanent magnet counteracts each other, so the
permanent magnet has only surface current but no body
current in the macro view. Based on the above hypothe-
sis, the surface current method is an equivalent method
to solve the magnetic field of a permanent magnet by
using the solved surface current magnetic field instead
of the magnetic field of a permanent magnet. The com-
mon equivalent process is to take a single magnet as
the basic element, solve the equivalent magnetic field
and calculate by superposition. The [IESCM proposed in
this paper takes any side length of the permanent mag-
net section as the basic element, calculates the equiva-
lent magnetic field of each side length in the period of
magnetic pole array, and then performs the superposi-
tion. Because IESCM takes the arbitrary side length of
the permanent magnet section as the basic element, it
breaks through the calculation constraints of the tradi-
tional regular magnet shape and can be used to calculate
the irregular magnetic poles with arbitrary section shape
in principle. Figure 3 shows the analytical model of
trapezoidal Halbach pole structure established by using
the IESCM. The two-dimensional absolute rectangular
coordinate system xoy is established with the air gap cen-
ter as the x-axis and the symmetric center of the main
magnetic pole as the y-axis.

eI IACTS

7 +
< W > X

g >

X1 <\

Fig. 3. Analytical model of THPMA by IESCM.
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The relative coordinate system x;0,y, is established
for the side length of each magnetic pole in a cycle. The
center of the side length is o;, and the direction of y;
forms an acute angle a, with the magnetization direc-
tion. Taking the main magnetic pole magnetized verti-
cally upward as an example, the two-dimensional local
rectangular coordinate system x;0y; as shown in Fig. 4 is
established for the side length I and II of the surface cur-
rent formed by the two oblique edges of the main mag-
netic pole, when the bottom angle a of the trapezoidal
is 0<a<m/2, the right inclined edge of magnetization in
+y direction is equivalent to current inflow, and the left
inclined edge is equivalent to current outflow.
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Fig. 4. Schematic diagram of -x magnetization coordi-
nate rotation: (a) horizontal left magnetization, (b) rela-
tive coordinate system established by side length, and (c)
angle o1 between side I and the magnetizing direction.

For any point p(x, y) in AGMF, it can be seen from
Fig. 4 that the magnetic field generated by the surface
current side I to p(x, y) in AGMF is:
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Similarly, the magnetic field generated by the sur-
face current II is:
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Bay, (X,y,X01, Y01, 2, L2, 02)

77ler('xvyﬂx0lay0hav27L27a2)' (3)
B2yr (xayax()tay()la av27L2a (XQ)
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(xor> Yor) is the origin coordinate of the migration
coordinate system. L, L, are side length of the surface
current. ay, ap are angles of rotation relative to the coor-
dinate system. a,, a,, are acute angles between the mag-
netization direction and y;. By, B1y, Box, Bay are coor-
dinate directions in the migration coordinate system. The
magnetic induction intensity component of the surface
current edge of any equivalent current edge I in the prin-
cipal coordinate system at the p(x, y) is:

Bin,x(xvyaxiayivathiaai) -

Biy, (x,%,%:,¥i, Oi, Li, 06) cos 0
—Biy, (x,y,%i,yi, 0, Li, 0) sin g
Biny (X, Y, Xi, i, @i, Li, 0) = ’
Bix; (x,y,Xi,¥i, Oi, Li, o) sin o
+B1y, (X,,%i,Yi, i, Li, 04) cos
Bout 5 (%, ,%i, Vi, Oi, L, 0) =
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*B2yl‘ (xayax0i7y0ia avivLia (X,’) sin O
Bout.,y(x»yvxiayivaviaLiaai) = '
Boy, (%,,Xi,Yi, Ovi, L, 06) sin o
+Bay,; (X,,Xi, Vi, Oi, Li, 0) COS 04

(6)

If the direction of the equivalent side current of the
magnet is inflow, select equation (5). If the direction
of the equivalent side current of the magnet is outflow,
select equation (6). Thus, the magnetic induction inten-
sity generated by any surface current edge in the model
in Fig. 3 to the point p(x, y) in AGMF is equation (5) or
(6).

For fixed point p(x, y) in AGMF, the magnetic induc-
tion intensity produced by the permanent magnet pole in
one cycle is the superposition of the magnetic induction
intensity produced by each surface current edge. It can
be seen from the number of surface currents in and out
in Fig. 3 that a single bilateral Halbach array has a total
of 24 sides, from which the midpoint coordinates p(x, y)
and a,;, L;, a; relationship is:

24
Bx(-xay) = Z Bix(x»%xid’iaathiaO‘i)

i=1

2 - O
By(xay) = ‘ZlBiy(-xvyv-xhyivavi;Liaai)

i=

Similarly, B;, and B;, can select any one of equa-
tion (5) and equation (6) according to inflow or outflow
of current. THPMA is arranged along the x axis, and
its air gap magnetic density is linearly superimposed.
The expression of the air gap magnetic density in the x
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direction and y direction is:

+oo 24
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j=li=1
3

According to Figs. 3 and 4 and equation (8), among
the 24 calculated side lengths, the five parameters x;, y;,
ayi, Li, a; can be expressed using the four basic param-
eters a, ay, aj, and ag of the trapezoidal Halbach per-
manent magnet array proposed in the paper, as shown in
equation (9). For example, {+(7-0.54,,),+7,£0.5a,,} is
a set of x;, which takes a,, as the variable. It can also be
seen from equation (9) that the fundamental difference
between a magnet with trapezoidal profile and a magnet
with rectangular profile is the introduction of trapezoidal
bottom angle, which mainly affects a,;, L;, a;:
xi(ony) € {£(r—So,), 27, 1o}
Xij = {)C,' + 2]’[} 5
i ((Xg7 OC},) c {i%ag,i% (ag + (Xh) R + (%(Xg + ah) } 5

L; (aw’aah7a) € Tfawj:t;ha7 ah\/m 5o
o;(a) € {£(5+a) £(3-a), £5}:(0<a<3)
ai () € {0, 0, gfa};

©))
In summary, the IESCM based on equation (8) first
performs equivalent calculation for each TPM in the
THPMA and then uses the transformation relationship
between local coordinate system and global coordinate
system, the super-position principle, to stack the mag-
netic fields generated by all surface currents and, finally,
calculates the complete AGMF distribution. At the same
time, according to equation (9), the influence law of the
size parameters of THPMA on AGMF is analyzed.

B. Calculation method of THDg

According to AGMF distribution obtained from the
above solution, under ideal conditions, the air gap flux
density waveform is a standard sine wave. However, due
to the design of the permanent magnet structure, a large
number of nonlinear flux density harmonics are gener-
ated in the air gap flux density waveform, which will
cause the actual flux density waveform to be distorted,
which is usually characterized by THDg. In this paper,
THDg of air gap magnetic density is taken as the charac-
teristic expression of sinusoidal air gap magnetic density:

rHDy = \[Y B, /B,
n=1

where By, is the amplitude of the odd harmonic air
gap magnetic density and B; is the amplitude of the air
gap magnetic density fundamental wave. The amplitude
of air gap magnetic density in equation (10) can be cal-
culated by the periodic discrete Fourier coefficient.
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C. Calculation results and finite element verification

According to the IESCM model established above,
we take the ladder type Halbach permanent magnet array
model shown in Fig. 3 (a) as example to verify. The per-
manent magnet adapted the NdFe42, and the calculation
parameters are shown in Table 1.

Table 1: Parameter selection of ladder Halbach perma-
nent magnet array

Structural Parameters of Permanent Value
Magnet
Equivalent width of permanent magnet 7.5 mm
(w)
Magnet height (k) 9 mm
Pole pitch (1) 15 mm
Air gap height (g) 9 mm
Remanence (B;) 1.32 Tesla
Magnetization (M) 1050955 A/m
Permeability (tg) 4% 107 H/m
Bottom angle of trapezoidal (a) 75°

The THPMA shown in Fig. 3 is taken as the anal-
ysis object, symmetry center is o, and the calculation
results of air gap flux density By, when g = 9 mm are
shown in Fig. 5. It can be seen from Fig. 5 that the mag-
netic field in the air gap is distributed periodically. When
the magnetization directions are consistent, the magnetic
field strength of the air gap is large, and the area with
the largest magnetic field strength is located at the bot-
tom angle of the TPM, with the maximum value of 1.2 T.
When the magnetization direction is opposite, the mag-
netic field intensity in the air gap is the lowest, and the
position with the lowest magnetic field intensity is at the
bottom angle of the air gap, with a minimum of 0.2 T.
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Fig. 5. Cloud diagram of AGMF for improved equivalent
surface current calculation.

In order to verify the correctness and accuracy of
the analytical calculation, FEM is used to simulate the



PMLSM secondary model of trapezoidal Halbach mag-
netization, and the calculation parameters are consistent.
The calculation results of IESCM and FEM are shown in
Fig. 6.
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Fig. 6. Comparison diagram of single cycle air gap mag-
netic density FEM and IESCM when g = 9 mm: (a) B,
and (b) B,.

It can be seen from Fig. 6 that the analytical method
of B, and By, for air gap magnetic density is completely
consistent with FEM, but there is error in local size.
Based on the simulation results, the maximum relative
error is 0.031%. It can be seen from the results that the
IESCM proposed in this paper is accurate and effective
in calculating the magnetic field of THPMA.

IV. INFLUENCE LAW OF a ON AGMF

The IESCM method is used to calculate AGMF of
THPMA, and the correctness of the method is verified by
FEM. According to analysis results, a has an important
influence on AGMF distribution. This section discusses
the influence law of a on Bpeax and THDg. We reveal
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the influence law of the coupling effect of a, a,,, a;, and
ag, which leads to the maximum value of Bpe,k and the
minimum value of THDg. In order to ensure the univer-
sality of this research method, take 7 =1, 60°<a<120°,
0.3<a,,<0.7, 0.3<a,<0.7, and 0.3<a,<0.7.

A. Influence law of a, a,,, a;, and a, on THDap

Figure 7 (a) shows the three-dimensional topogra-
phy of THDg with a and a,, as variables when a;, = 0.5
and a, = 0.5. It can be seen from Fig. 7 (a), within the
parameters of simulation calculation, when a; =0.5 and
ag = 0.5, the minimum value of THDg is affected by the
synergistic effect of a and a,,. The isoline of THDg about
a and a,, shows a V-shaped canyon, the minimum value
area is at the bottom of the V-shaped canyon, the mini-
mum value area is located on a straight line composed of
a and a,, with slope of da/a,,, and the maximum value
area is at the left and right sides of the V-shaped canyon.
The value of THDg on both sides of the canyon presents
a symmetrical distribution trend with respect to the V-
shaped canyon.

Figure 7 (b) shows analysis of the influence law of
a and a,, on THDg. It can be seen from Fig. 7 (b) that

10.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01

0.08 4.

(b)

Fig. 7. The effect of a and a,, on THDp (a;, = 0.5,
a, = 0.5): (a) three-dimensional topography of THDg
with a and a,, as variables and (b) analysis of influence
law of a and a,, on THDg.
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within the parameters of simulation calculation, when
a,, = 0.3, the minimum value of THDg increases with
an increase of a. Starting from a,, = 0.35, with increase
of a, the minimum value of THDg first decreases and
then increases. When a,, = 0.7, the minimum value
of THDg decreases with the increase of a. The max-
imum THDgp changes with the change of a,,. When
a,,<0.5, the maximum THDg is located at the side of
a<90°, and when a,,>0.5, its position is exactly the
opposite. When a,, = 0.35 and a = 63.4°, the min-
imum THDg = 0.0098 and the a of maximum THDg
is 114°. When a,, = 0.5 and a = 99°, the mini-
mum THDg = 0.0109. The a of maximum THDg is
60°. When a,, = 0.65 and ¢ = 117°, the minimum
THDg = 0.0098. The a of maximum THDg is 63.4°.
Figure 8 (a) shows the influence of changing aj
on THDg. It can be seen from Fig. 8 (a) that within
the parameters of the simulation calculation, the influ-
ence of @, on THDp is symmetrically distributed with
the change of a, and the amplitude of minimum THDg
is not affected by a; but it has an important impact
on the amplitude of maximum THDg. The smaller ay,
the greater the amplitude of maximum THDg. When

a, = 0.3, maximum THDg is 0.103 and minimum
0.12 ——a,=0.3,a,=0.3
0.10 d——a,=0.3,a,~0.5
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Fig. 8. Influence law of a, a;, a, on THDg: (a) change
parameters a;, (ag = 0.5) and (b) change parameters ag
(ap, = 0.5).
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THDg is 0.0134. When a;, = 0.5, maximum THDg is
0.0899 and minimum THDg is 0.0111. When a;, = 0.7,
maximum THDg is 0.0835 and minimum THDg is
0.0092. In addition, as ay, increases, a will decrease when
minimum THDg is obtained. When ay, are 0.3, 0.5, and
0.7, respectively, a of minimum THDg are 108°, 99°, and
67.5°, respectively.

Figure 8 (b) shows the influence of changing a, on
THDg. It can be seen from Fig. 8 (b) that within the
parameters of simulation calculation, the influence of a,
on THDg is symmetrically distributed with change of a.
The smaller a,, the greater the amplitude of THDg. The
change of a, has little effect on a when obtaining the
minimum THDg. When a, are 0.3, 0.5, and 0.7, respec-
tively, a of minimum THDg is 98°.

It can be inferred from Figs. 7 and 8 that a has a
great influence on THDg amplitude of AGMF, especially
when a#90°, a,,, a,, and ag have a common influence on
the amplitude of THDg. According to research results,
in order to obtain the minimum value of THDg for the
traditional rectangular magnet (¢ = 90°), a,, should be
0.5, which is consistent with the research results in this
paper. The change of a changes the intensity of AGMF,
which brings distortion to AGMF. Therefore, in magnet
design, the influence of the V-shaped canyon composed
of a and a,, should be considered and appropriate cou-
pling parameters should be selected.

B. Influence law of a, a,,, a;, and a, on Byeak

Figure 9 (a) shows the contour map of Bpeqr impact
with a and a,, as variables when a;, = 0.5anda, = 0.5.
It can be seen from Fig. 9 (a) that within the parameters
of simulation calculation, when a;, = 0.5 and a; = 0.5,
the maximum value of By is affected by the synergistic
effect of a and a,,. The isoline of @ and a,, on Bpeyi is a
hill, and the maximum value area is at the top of the hill,
and the value range of a and @, in this area are a>90°
and a,,<0.5.

Figure 9 (b) shows the influence law of a and a,,
on Bpeak. It can be seen from Fig. 9 (b) that within the
parameters of simulation calculation, when a,,<0.5, the
maximum value area of Bpea increases with the a, and
the maximum value area of Bpe,y first increases and then
decreases. When 0.3<a,,<0.45, the maximum value area
of Bpeax gradually increases with the increase of a,,, and
when 0.45<a,,<0.5, the maximum value area of Bpeak
gradually decreases with increase of a,,. When a,, are
0.3, 0.35, 0.4, and 0.5, the corresponding a are 94.5°,
103.5°, 108°, and 117°. Meanwhile, the maximum val-
ues of Bpeax are 0.8797 T, 0.8868 T, 0.8874 T, and 0.8654
T. It should be noted that when a,, is equal to 0.4, Bpeax
is at maximum value, and the width of the main mag-
netic pole is less than 0.5 times pole pitch. Starting from
a,,>0.5, with increase of a, the maximum value area of
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Fig. 9. The effect of a and a,, on Bpea (@ = 0.5,
ag = 0.5): (a) three-dimensional topography of Bpeax
with a and a,, as variables and (b) analysis of influence
law of a and a,, on Bpe,k.

Bpeak gradually increases. With the increase of a,,, the
maximum value area of Bpe,i gradually decreases. When
a = 117° and a,, are 0.5, 0.55, 0.6, 0.65, and 0.7, the
maximum values of Bpeax are 0.8684 T, 0.8654 T, 0.8472
T, 0.8242 T, and 0.7972 T.

Figure 10 (a) shows the effect of changing a; on
Bpeak- It can be seen from Fig. 10 (a) that within the
parameters of simulation calculation, a; has an impor-
tant impact on the influence law of the maximum value
of Bpeax with the change of a. With the increase of a, the
greater the g, the greater the maximum value of Bpeak.
When ay, are 0.3, 0.5, and 0.7, respectively, the maximum
values of Bpeak are 0.6881 T, 0.8775 T, and 0.9812 T,
respectively, and the minimum values of By are 0.5574
T, 0.7071 T, and 0.7569 T. In addition, according to
Fig. 8 (a), when ay, are 0.3, 0.5, and 0.7, respectively, the
maximum THDg are 0.103, 0.0899, and 0.0835, and the
minimum THDg are 0.0134, 0.0111, and 0.0092. There-
fore, on the premise of ensuring the maximum value
of Bpeak and the minimum value of THDg in AGME,
a should be greater than 90° and a;, should be greater
than 0.5.

Figure 10 (b) shows the influence of changing a,
on Bpeak. It can be seen from Fig. 10 (b) that within the
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Fig. 10. Influence of a, ay, a; on Bpesk: (a) changing
parameters aj (a; = 0.5) and (b) changing parameters
ag (ap, = 0.5).

parameters of simulation calculation, the smaller a; is,
the larger Bpeak is. When a, are 0.3, 0.5, and 0.7, the
maximum values of Bpeax are 1.303 T, 0.8775 T, and
0.6269 T, and the minimum values of Bjeax are 0.9096 T,
0.7071 T, and 0.5356 T. In addition, according to Fig. 8
(b), when a, are 0.3, 0.5, and 0.7, the minimum THDg
is 98°. Therefore, on the premise of ensuring the maxi-
mum value of Bpey and the minimum value of THDg ,
a should be greater than 90° and the value range of a,
should be 0.3<a,<0.5.

It can be further inferred from Figs. 9 and 10 that a
has an influence on the amplitude of harmonic distortion
rate of AGMEF. In order to obtain the maximum value of
Bpeax for traditional rectangular section (a = 90°), ay,
should be 0.5 in magnet design. However, when a£90°,
in order to ensure the maximum value of Bpeax and the
minimum value of THDg , the values of a, a;, and ag
should be a>90 °, a,>0.5, and 0.3<a,<0.5.

V. CONCLUSION
An IESCM for calculating the AGMF of trapezoidal
Halbach permanent magnet linear synchronous motor is
presented. The calculated results are in good agreement
with FEM results, which fully shows the accuracy and
practicability of the new analytical method. The method
is applicable to the magnetic field analysis of various
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irregular permanent magnet arrays and has strong refer-
ence value for the theoretical analysis of AGMF of other
irregular PMLSM.

Taking a, a,, ay, and a, as variables, the minimum
value region of THDg is a narrow canyon. Changes of
a, a, and ay, significantly affect the trend of the canyon,
making the canyon swing and shift, but a;, has little effect
on the minimum value of THDg. Furthermore, a, mainly
affects the steepness of the canyon and the minimum
value of THDg. The rectangular magnet of a=90° is a
special case in the change of canyon shape.

Bpeak of AGMF has a maximum point and a rel-
atively flat maximum neighborhood. Taking the maxi-
mum value of Byeax of AGMF and the minimum value
of THDg of AGMF as optimization objectives, the val-
ues of a, ay,, ay, and a, are a>90°, a,,<0.5, a;>0.5, and
0.3<ag<0.5.
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