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Abstract—This paper proposed a hybrid analytical model for
predicting the magnetic field distribution of slotted surface-
mounted permanent magnet linear motor considering both iron
saturation and end effect. In the proposed model, the segmented
conformal mapping is developed to reduce the computation time
while keeping same accuracy, especially when the end effect sig-
nificantly affects the motor performance. Then, with the help of
the magnetic circuit model in the primary and secondary iron,
the magnetic potential drop of iron is obtained from the itera-
tive calculation. The equivalent saturation current is introduced
to represent the iron saturation and finally the performance of
permanent magnet linear motor can be obtained considering both
iron saturation and end effect. The proposed model expands the
scope of the analytical models for the analysis of linear motors. The
finite element analysis and experimental validation are carried out
to show the effectiveness of the proposed model.

Index Terms—Hybrid analytical model, permanent magnet
linear motor, iron saturation, end effect.

I. INTRODUCTION

L INEAR motors show great advantages over rotary motors
in converting into linear and reciprocating motions due

to their compact structure and easy maintenance. Hence, they
have been widely used in magnetic levitating trains, robotic
arms, and semiconductor manufacturing equipment [1], [2],
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[3]. Before investigating the characteristic of linear motors, one
could always use the information from the corresponding rotary
motor first, as both linear and rotary motors are designed based
on the same principle. Nevertheless, some unique features can
only be observed in linear motors, such as longitudinal end effect
and special cooling conditions, which makes the analysis and
design of linear motors ’special’.

The optimal design of the linear motor is paramount for
maximizing performances and requires an accurate electromag-
netic model. Three methods are widely used to predict linear
motor performance, i.e., finite-element method (FEM), analyt-
ical models, and magnetic circuit models (MCM). FEM takes
advantage of high calculation accuracy for different types of
linear motors, but suffers from large computational burden [4]. A
long primary and long secondary linear motor were investigated
to increase the thrust force density by using FEM in [5], [6], [7].
However, the long primary or secondary in the linear motor can
significantly increase the calculation time of the magnetic field
and there is no periodic boundary condition at the longitudinal
ends, making the design and optimization of the linear motors
more time-consuming.

Most of the analytical models assume the infinitely permeable
iron in the permanent magnet linear motor (PMLM) and only
focus on the calculation of the magnetic field in the region with
vacuum permeability. In [8], the analytical calculation of the
slotless PMLM was introduced to predict the open-circuit and
armature magnetic field in the air-gap for different magnetization
patterns. Then, the slotting effect was considered using the
complex permeance function from conformal mapping in [9],
and the end effect was simplified using virtual slots at both
primary ends. However, this approach introduces large errors
if the slot-opening of the virtual slot is large compared to
the virtual tooth width. Meanwhile, Schwarz-Christoffel (SC)
mapping was another form of conformal mapping to trans-
form the slotted air-gap region into the slotless region, and
the linear analytical solution of the PMLM performance was
obtained in [10], [11], [12]. However, it is observed that the
inverse SC mapping occupied most of the calculation time,
which should be optimized to guarantee high computational
efficiency [11]. This is also one of the focus areas in this
paper.
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Another category of analytical models is based on the method
of separation of variables to account for the slotting effect. It
solves the coefficients of the general analytical model using the
boundary and interface conditions. In [13], it was modified by
transforming the PMLM into an arc-linear PMSM to predict cog-
ging force. Then the work was directly conducted in Cartesian
coordinates combined with the periodic extension method for
PMLM in [14]. For the linear motor with short moving-magnet,
the virtual regions were used to consider the end effect in [15].
However, these methods in [13], [14], [15] are only validated for
PMLM under open-circuit conditions when the iron saturation
is insignificant. Furthermore, the iron region could be divided
into small subdomains according to the finite iron permeability,
and then the method of separation of variables was employed to
predict the magnetic field in these subdomains [16], [17]. These
models exhibit improved accuracy in predicting the performance
of rotary permanent magnet motors due to considering iron
saturation, but they are not suitable for linear motors.

As these analytical models in [8], [9], [10], [11], [12], [13],
[14], [15] cannot consider the iron saturation, MCM can be used
to make up for this shortcoming. In [11], the MCM was com-
pared with an analytical model and they all had good accuracy in
calculating thrust force. In [18], some representative parameters
of MCM were extracted from a small number of FEM results and
then the large design space of PMLM could be explored using
MCM. In [19], the general mesh method was employed to obtain
the MCM with dense reluctance, and therefore it was feasible to
predict the complex air-gap flux density in the linear PM vernier
motor. However, there is a trade-off between the calculation
speed and accuracy for MCM when establishing different sizes
of the magnetic circuit for the same linear motor, especially for
the air-gap region with irregular flux distribution. Hence, the
hybrid analytical model was proposed to scale down the MCM
while keeping high accuracy. In [20], the magnetic field in the
air-gap and PM region was predicted using analytical model,
while the slot and iron region were built using the MCM. This
method saves time for calculating the complex flux distribution
in the air-gap, but it still requires large computation in the
analysis of slot leakage and end effect using the MCM. In
fact, the combination of analytical model and MCM has been
investigated in the rotary PM motors such as surface-mounted
PM motors [21], [22], [23], IPM motors [24], [25], [26], and
vernier PM motors [27], but there is a lack of application for
PMLMs, which is the contribution of this paper.

This paper focuses on the hybrid analytical model (HAM)
to predict the magnetic field distribution of the PMLM with
high accuracy. Compared with FEM, the HAM can significantly
reduce the calculation, which is useful for the initial motor
design. It combines the segmented conformal model (SCM)
and MCM considering both iron saturation and longitudinal
end effect. In Section II, the SCM is developed to calculate the
air-gap field in the middle region and the end region separately to
improve the calculation speed while keeping the same accuracy.
Then, in Section IV, the modified MCM is introduced to include
the air-gap flux produced by winding current, PM, and the
equivalent saturation current. After building the relationship
between the equivalent saturation current and the nonlinear

Fig. 1. Conformal mapping between (a) the whole slotted domain and (b) the
whole slotless rectangular domain.

magnetic potential of iron, the solving loop is obtained to
predict the convergent iron permeability in the modified MCM.
Hence, the HAM further improves the prediction accuracy of
the PMLM performance by adding the magnetic field produced
by the equivalent saturation current in the analytical solution. In
Section V, both FEM and experiment of the PMLM are carried
out to verify the effectiveness of the proposed model.

II. SEGMENTED CONFORMAL MODEL

Unlike rotary motors that always follow the principle of
periodic field, the linear motor exhibits significant flux leak-
age at the longitudinal end of the motor, leading to inaccurate
prediction of air-gap field based on the conventional analytical
models [8]. Therefore, the SCM is firstly introduced based
on the modified periodicity to accurately account for the end
effect of PMLM while reducing the computational burden of
the proposed method. The following assumptions are made for
SCM:

1) The transversal end effect is neglected.
2) The eddy current reaction is neglected.
3) The relative permeability of the magnet is equal to 1.
4) The iron permeability is infinite.

A. Conformal Mapping

SC mapping will transform the slotted domain into the rectan-
gular domain [10], [28]. The analytical expression of the mag-
netic field can be directly obtained in this rectangular domain. As
the inverse of the SC mapping is conformal, the magnetic field
solution in the original slotted domain can be derived from that
in the rectangular domain. Based on this theory, the SC mapping
is employed to build the relationship between the slotted domain
of PMLM and the slotless rectangular domain, as shown in
Fig. 1 [10], [28].

Z = fSC(W ) = A0

∫ n−1∏
k=1

(W − wk)
− βk

π dW + C0 (1)

where Z and W are the corresponding positions using the com-
plex numbers in the slotted and slotless domain, respectively.
A0, C0, ωk, and βk are the SC parameters. They are calculated
according to the dimension of the slotted domain including
air-gap, PM, and slot region, as they have the same permeability.
However, transforming the whole slotted domain into the slotless
domain is time-consuming when the slot number of PMLM
becomes large.

To avoid this situation, the slotted domain of PMLM is divided
into two categories, i.e., the single end-slot domain and the single



2010 IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 39, NO. 3, SEPTEMBER 2024

Fig. 2. Transformation based on the segmented conformal mapping. (a) SC
mapping for the single end-slot domain. (b) SC mapping for the single mid-slot
domain. (c) The whole slotless rectangular domain.

mid-slot domain, according to the modified periodicity. The slot
domains at two ends of PMLM (the end-slot single domain) are
responsible for the end effect and the same SC mapping can be
used to obtain the slotless rectangular domains corresponding
to the end regions, as shown in Fig. 2(a). Similarly, other slot
domains in between exhibit the same shape and they can all be
mapped separately based on the other SC mapping, as shown in
Fig. 2(b). Therefore, only two SC mappings are required with
significantly reduced computation. It is noted that the heights of
the single end-slot domain and the single mid-slot domain are
usually different. The following conformal mapping is used to
normalize the geometry of these slotless domains.

{
xw0 = 2ymxe

ye
+ (Qs − 1)xm

yw0 = ym
(2)

where Qs is the slot number of PMLM.xw0, yw0, xe, ye, xm,
and ym are the width and height of the rectangles for the whole
domain, single end-slot domain, and single mid-slot domain,
respectively. They are also defined in Fig. 2. When the heights of
these two kinds of slotless rectangular domains become the same
using (2), these slotless rectangular domains in Fig. 2(a) and (b)
can be horizontally arranged to form the entire slotless domain
in Fig. 2(c). Such simplification neglects the mutual influence
between the end slot domain and the middle domain during SC
mapping. However, only slight differences are observed, which
is demonstrated in this paper. Besides, the mutual relationship of
the magnetic field between the end slot domain and the middle
domain still exists, which will be shown in the next subsection.

B. General Solution

The total magnetic vector potential Azt in the air-gap of the
PMLM is calculated based on the superposition principle when
neglecting iron saturation.

Azt(zp) =

NPM+Nw∑
k=1

Azik(zp(xp, yp), zi(xik, yik), ik) (3)

where NPM and Nw are the number of PM equivalent current
and winding current. Nw = Qs + 1. Azki represents the mag-
netic vector potential at the air-gap position zp in the complex
plane, which is produced by the equivalent current ik at the po-
sition zi. It is noted that zp = xp + i ∗ yp and zi = xi + i ∗ yi.
The equivalent current will be replaced by the actual value
and position of the PM equivalent current and winding current
in the analytical calculation. Then, based on the segmented
conformal mapping, zp and zi in the whole slotted domain can
be conformally transformed to wp and wi in the whole slotless
domain, respectively.

z(xz, yz) = g0(w(xw, yw))

=

{
fsc3(w(xw, yw)), lsl ≤ xz ≤ lst − lsl
fsc2(

ym

ye
w(xw, yw)), otherwise

(4)

where Fig. 1(a) gives the rectangular coordinate system for the
whole slotted domain. z = xz + i ∗ yz and w = xw + i ∗ yw.
lst is the total length of the primary iron and lsl is the slot-pitch.
{zp, zi} ⊂ z and {wp, wi} ⊂ w. As the magnetic ector potential
keeps the same in the conformal mapping, the magnetic vector
potential Az can be obtained using the following equation [29].

Azik(zp, zi, ik) = Azik(wp, wi, ik)

=
μ0ik
2π

{
ln |wp − wi| −

+∞∑
k=1

[
cosh(2πk(ywp − yw0)/xw0)

+ e2πk(2ywi−yw0)/xw0 cosh(2πkywp/xw0)
]

e−2πkywi/xw0

k sinh(2πkyw0/xw0)
cos(2πk(xwp − xwi)/xw0)

}
(5)

The x and y components of the total air-gap flux density in
the slotted domain can be derived from Azt(zp) using [24]

Bx(zp) =
∂Azt(wp)

∂ywp
λx(wp)− ∂Azt(wp)

∂xwp
λy(wp) (6)

By(zp) = −∂Azt(wp)

∂xwp
λx(wp)− ∂Azt(wp)

∂ywp
λy(wp) (7)

where ∂Azt(wp)
∂ywp

and ∂Azt(wp)
∂xwp

can be analytically obtained from
(5). The complex permeance λ is derived from the conformal
mapping function (4).

λ = λx(wp)− j ∗ λy(wp) =
1

g′0(wp)
(8)

where λx(wp) and λy(wp) is the real and imaginary part of the
complex permeance λ, respectively.

III. MODIFIED MAGNETIC CIRCUIT OF IRON

To account for the iron saturation, the magnetic circuit of iron
is built and exported to the SCM. Meanwhile, the magnetic field
prediction in the whole slotted domain using SCM will help to
simplify the structure of the MCM while keeping high accuracy.

Fig. 3 shows the modified MCM to represent the primary
and secondary iron of the PMLM. The fluxes flowing into
the primary and secondary iron are represented using the flux
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Fig. 3. Modified magnetic circuit model of iron.

Fig. 4. Transformation of iron saturation using the equivalent current in the
analytical solution.

sources with the ground rather than the magnetic reluctances in
the air-gap, slot, and PM [24]. They are produced by the winding
current and PMs while their value can be directly obtained
based on the segmented conformal mapping. The primary and
secondary iron with regular shapes can be represented using the
magnetic reluctances in either x or y direction and their values
are expressed as: [30]

Giron =
μrltrws

li
(9)

where ltr is the transversal length of PMLM. ws and li are the
width and length of rectangular iron, respectively. They are also
defined in Fig. 4. μr is the iron permeability.

Then, the general expression of the magnetic potential matrix
V in the iron can be expressed as [30]

f(V) = AsrΛsrAsr
TV −Φz = 0 (10)

where V = [V1, . . . , V3Qs+6,Φ1, . . . ,ΦNm+1]
T in Fig. 3. Asr

is incidence matrix that is derived from Fig. 3. Λsr is the matrix
of iron reluctance from (9) and Fig. 3. Φz is the matrix of flux
from the slotted domain, but it is noted that iron saturation is
not considered at this step. According to Fig. 3, Φz consists of
φsbk, φstk, φtk, φsmk, φrmk, φek. These elements in Φz can be
calculated using [29]

φi = ltr[Azt(zp1)−Azt(zp2)] (11)

where zp1 and zp2 are the boundaries for calculating flux.

IV. HYBRID ANALYTICAL MODEL

A. Field-Circuit Coupling

The process of field-circuit coupling is a significant step to
consider the iron saturation in the SCM. According to (11),
the analytical solution of the slotted domain (air-gap, PM, and
slots) is transferred to the flux source in the modified magnetic
circuit model. Hence, it is obvious to focus on how to exhibit
the influence of the iron magnetic potential on the magnetic
field of the slotted domain in the PMLM. As the magnetic field
strength in the tangential direction between the iron and the
slotted domain remains continuous due to the absence of surface
current density, it is feasible that the surface current is introduced
to replace the tangential magnetic field strength of iron, as shown
in Fig. 4. Therefore, the equivalent saturation current isat is
expressed as [24]

isat = Jironli = Ht_ironli = Vsat1 − Vsat2 (12)

where Jiron and Ht_iron are the equivalent saturation current
density and tangential magnetic field strength. Vsat1 and Vsat2

are the magnetic potentials of the iron reluctance near the
boundary. The equivalent saturation current is located near the
boundary between the iron and the slotted domain. Finally,
the total magnetic vector potential Azt is derived from (3)

Azt(zp) =

NPM+Nw+Niron∑
k,i=1

Azik(zp, zi, ik) (13)

where Niron is the number of equivalent saturation current.
Accordingly, the calculation of the magnetic field in the PMLM
should be updated via the new Azt considering iron saturation.
Similarly, the flux linkage and back EMF of PMLM is calculated
using [24]

Ψph = N0

∑
n1,n2

ltr [Azt(zpn1
)−Azt(zpn2

)] (14)

Uph =
dΨph

dt
(15)

whereN0 is the number of coil turn. zpn1
and zpn2

are the central
position of the slot.

The thrust force and normal force of the PMLM are calculated
using [31]

Fx =
ltr
μ0

∫ ls2

ls1

Bx(zpx)By(zpx)dx (16)

Fy =
ltr
2μ0

∫ ls2

ls1

[
Bx

2(zpx)−By
2(zpx)

]
dx (17)

where ls1 and ls2 are the boundaries of the PMLM in the
longitudinal direction. zpx is the position in the middle of the
air-gap along the longitudinal direction.

B. Solving Process

Compared with SCM using (3), HAM using (13) incorporates
the analytical solution of the magnetic field produced by the
equivalent saturation current to exhibit higher accuracy. To ob-
tain the nonlinear value of the equivalent saturation current, the
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Fig. 5. Solving process of HAM.

modified MCM using (10) is proposed to iteratively determine
the saturation level of the primary and secondary iron. There-
fore, the flux source matrix Φz in (10) should be updated to
include the flux produced by the equivalent saturation current
using (11) and (13). To employ Newton’s method in this loop,
the following equation is derived from (10), (11), and (13).

f(V) = AsrΛsrAsr
TV −ΦPM −Φc −M0V = 0 (18)

V(i+1) = V(i) − r(i)f(V(i))
(
AsrΛsrAsr

T −M0

)−1
(19)

where ΦPM and Φc are the flux produced by the PM equivalent
current and winding current using (11), respectively. M0 is the
constant matrix from (11)–(13). V(i+1) and V(i) represent the
solution of magnetic potential in the iron at the (i+ 1)th and
ith step. r(i) is the relaxation factor at the ith step. The general
solving process based on HAM is shown Fig. 5.

In the PMLM, it is difficult to obtain the convergent value
of V due to the large flux leakage at the primary ends. This
paper introduces the modified relaxation factor to obtain the
convergent solution of V. Usually, the range of r(i) is constant
between 0.4 and 0.9 to reach convergence with good speed in
the iteration. However, when it gets out of the solving loop
with no convergence, the solution of V will produce the wrong
magnetic field, which is not considered in most hybrid analytical
models [21], [32]. Fig. 6 shows the flowchart for calculating V in
Newton’s method. It is found that the proposed method always
gives a satisfactory and convergent solution for HAM as long
as the longitudinal end flux φek is accurately predicted. The
large relaxation factor helps to save the time of the iterative

Fig. 6. Flowchart for calculating V.

Fig. 7. FEM models of PMLM. (a) 2-D model. (b) 3-D model.

calculation at the beginning. As | f(V(i+1)) | becomes small,
the iteration easily converges with the smaller value of relax-
ation factor, especially when the matrix [AsrΛsrAsr

T −M0]
is ill-conditioned.

V. FE AND EXPERIMENT

The 2-D FEM was employed to verify the effectiveness of
the SCM, as the proposed analytical model is 2-D. The 2-D
view of the PMLM structure at the initial position is shown in
Fig. 7(a). Meanwhile, the 3-D FEM is carried out and compared
with the experimental results to demonstrate the high accuracy
of the SCM, as shown in Fig. 7(b). Table I shows the values of
the main parameters. The BH curves of primary and secondary
iron are displayed in Fig. 8 and the flux density in the primary
iron of the PMLM can be larger than 1.8 T at maximum load,
which is severely saturated. SCM, HAM, and FEM with either
nonlinearly or infinitely permeable iron are used to calculate the
performance of the PMLM, including the magnetic field, flux
linkage, induced voltage, and force.

The experiment of the PMLM prototype is carried out to
verify the effectiveness of the proposed method, as shown in
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TABLE I
MAIN PARAMETERS OF THE PMLM

Fig. 8. BH curves of the primary and secondary iron.

Fig. 9. The primary is mounted on a mover guided by two linear
guides, while the secondary is positioned on the stator between
two linear guides. The test bench in Fig. 9(c) comprises two
components: a prototype platform and an air-core PMLM. These
two components are coupled through a force meter capable of
recording real-time acting force. During open circuit perfor-
mance tests, such as back-EMF and detent force evaluations,
the air-core PMLM is driven by an inverter to maintain a steady-
state velocity. As both HAM and FEM are implemented in the
same computer with Intel Core i7-4770@3.40 GHz and 32 GB
RAM, it is feasible to compare their computational efficiency
by recording the computing time.

A. Magnetic Field

Figs. 10–11 show the predicted magnetic field using SCM,
HAM, and 2D-FEM under open-circuit condition and maximum
load condition, respectively. Both SCM and HAM predictions
agree well with 2D-FEM results under open-circuit condition
due to negligible iron saturation. SCM significantly overesti-
mates the y component of air-gap flux density at maximum load
compared with the nonlinear 2D-FEM calculation, but it agrees
well with the infinite 2D-FEM result, as shown in Figs. 11(b). As

Fig. 9. Prototype and experimental test bench of PMLM. (a) The primary. (b)
The secondary. (c) Test bench.

Fig. 10. Air-gap field distribution of PMLM under open-circuit condition. (a)
X-axis component. (b) Y-axis component.
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Fig. 11. Air-gap field distribution of PMLM at maximum load. (a) X-axis
component. (b) Y-axis component.

Fig. 12. Open-circuit flux linkage of PMLM.

for HAM, it shows great accuracy at maximum load, especially
where there is significant saturation in the primary iron.

B. Flux Linkage and back-EMF

Figs. 12–13 show high accuracy of open-circuit flux linkage
and back-EMF predictions using either SCM or HAM when
compared with nonlinear 2D-FEM and 3D-FEM. The back-
EMF of the prototype was measured at 0.015 m/s from the
initial position. The errors of predicted back-EMF amplitude
using SCM, HAM, and nonlinear 2D-FEM are 5.8%, 4.6%, and

Fig. 13. Open-circuit back-EMF of PMLM at 0.015 m/s.

Fig. 14. Relationship between the harmonic voltage and current amplitude at
0.015 m/s. (a) Amplitude. (b) Phase.

2.6%, respectively. In Fig. 14, the induced voltage of PMLM
is predicted at different currents to account for iron saturation.
Large errors of the fundamental and the third-order harmonic
amplitudes are observed for SCM and infinite 2D-FEM due to
neglecting iron saturation while HAM predictions agree well
with nonlinear 2D-FEM. As for the harmonic voltage phase, the
fundamental harmonic phase using HAM shows better accuracy
than the third-order harmonic phase due to the simplification of
iron region using the modified MCM. Besides, the accuracy of
the third-order harmonic phase for SCM and infinite 2D-FEM
can be neglected as their corresponding amplitudes are too small.
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Fig. 15. Force waveform of PMLM under open-circuit condition.
(a) Thrust force. (b) Normal force.

C. Thrust Force and Normal Force

The thrust force and normal force of the PMLM at different
load conditions are predicted using SCM, HAM, 2D-FEM, and
3D-FEM. The initial position of PMLM is shown in Fig. 7.
SCM and HAM predictions are compared with the FEM and
test results, as shown in Figs. 15–17. Compared with the mea-
surement, the waveforms of the thrust force prediction using
SCM, HAM, and FEM under open-circuit condition all show
excellent accuracy in Fig. 15(a), which account for the end
effect. SCM, HAM, and FEM exhibit the same force values
at different speed while the measured thrust force at 0.015 m/s
and 0.06 m/s agrees well with each other, as shown in Fig. 15. It
demonstrates that the speed of PMLM has negligible influence
on the dynamic end effect. For the normal force of the PMLM
in Fig. 15(b), the average errors of both analytical models are
less than 3.6% compared with 2D-FEM calculations, due to
the negligible influence of iron saturation under open-circuit
condition.

For the largest thrust force waveform in Fig. 16(a), both
HAM and 2D-FEM present similar waveforms, but the HAM
has slightly larger values than 2D-FEM due to the oversimplified
magnetic circuit in the iron when it is highly saturated. The error
of the largest thrust force using HAM is 4.2%. Similarly, the error
of the normal force using HAM in Fig. 16(b) is 7.2%, which
is a bit large, but it represents the influence of iron saturation
on the normal force. Fig. 17 shows the relationship between

Fig. 16. Force waveform of PMLM at maximum load and 0.015 m/s.
(a) Thrust force. (b) Normal force.

TABLE II
CALCULATION TIME OF HAM AND 2D-FEM

the force and input current and illustrates that it will introduce
large errors if the iron saturation is neglected in the analytical
model. The HAM shows high accuracy for thrust force even at
the largest load due to considering iron saturation, Fig. 17(a).
As for the normal force, even though both analytical models
are slightly higher than the FEM calculations, the HAM can
accurately exhibit the trend of normal force variation with the
increasing current while SCM gives the incorrect prediction due
to neglecting iron saturation, Fig. 17(b).

D. Calculation Time

The comparison of calculation time between SCM, HAM and
2D-FEM is given in Table II. The time steps within two electrical
periods in predicting PMLM performance are 120. The number
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Fig. 17. Relationship between the force and current amplitude at 0.015 m/s.
(a) Thrust force. (b) Normal force.

of mesh nodes in the nonlinear 2D-FEM analysis is 186754,
while the number of nodes in the magnetic circuit of HAM is
389. The number of node for SCM is 0, as it assumes infinite
iron permeability and no magnetic circuits are used. According
to Table II, the solving speed using HAM in the platform of
MATLAB is over four times as fast as that using 2D-FEM in the
platform of Ansys Electronics for the same PMLM. The SCM
shows higher computational accuracy than HAM, as it does not
require the iteration process to determine the magnetic potential
of iron for predicting the air-gap field in the PMLM.

VI. CONCLUSION

This paper proposed the HAM for predicting the performance
of the PMLM with high calculation accuracy and computational
efficiency. The SCM is introduced to divide the slotted domain
of PMLM into the single end-slot domain and the single mid-
slot domain, which significantly improves the computational
efficiency. Then, the equivalent saturation current is proposed
using the modified magnetic circuit to transform the SCM into
the HAM, which improves the prediction accuracy. A prototype
of the PMLM is tested to verify the effectiveness of the proposed
analytical models. The proposed model demonstrates effective-
ness for all the surface-mounted permanent magnet motors with
different slot pole combinations and magnetization patterns,
regardless of specific design parameters. It can also be extended
to analyze double-sided PMLM with short primary or secondary.
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