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Abstract

This article presents a non-linear MEC for a linear PM motor, and its experimental validation.
In the MEC model, winding flux leakage and iron saturation are considered. In addition,
two different linear PM motor models (bread-loaf and surface-type) are examined for linear
PM motors. An iterative method is used to predict the magnetic behavior of saturated
magnetic steel. The proposed MEC for linear PM motors is compared with finite element
analysis (FEA) to determine its accuracy and suitability. FEA is widely regarded as a
highly accurate and reliable tool for analyzing linear PM motors. However, its primary
limitation lies in its considerable computational time requirement. This disadvantage
becomes particularly problematic during the early stages of the design process. Therefore,
the proposed model addresses this limitation. Also, experimental results validate the
practicality of the MEC. Finally, the proposed model can be a tool for different slot/pole
combinations. Thus, the model can be considered suitable for both bread-loaf and surface-
type PM motors.

Keywords: analytical model; magnetic equivalent circuit; linear PM motor; bread-loaf

1. Introduction

Linear motors have a high ability to generate high thrusting force in a straight axis. In
electromagnetic systems, there are linear analogies of all rotating electrical motors. Linear
motors are generally classified into three different types: electrically excited synchronous
motors, synchronous reluctance motors (SynRMs), and PM synchronous motors [1]. PM
synchronous motors are widely used in speed- and position-controlled systems due to
their high efficiency, robust structure, and high torque density [2]. Linear PM motors have
similar advantages and disadvantages to rotational PM motors. In the design of a linear PM
motor, the main objectives to be considered are efficiency, force fluctuation, and reduction of
detent force [3]. To fulfill these purposes, electromagnetic performance-enhancing methods
should be used in the design [4].

An accurate electromagnetic model is required to achieve the design phase objectives
of the linear PM motor. To obtain electromagnetic performance criteria in electric motors,
Maxwell’s equations are solved based on partial differential equations. The solution of
these equations is basically defined analytically and numerically [5]. Numerical meth-
ods have been used extensively by researchers until now. FEA is capable of predicting
electromagnetic performance with high accuracy, regardless of magnetic and geometric
complexities [6]. There have been numerous studies on the design of linear PM motors
based on FEA [7-9]. However, its main disadvantage is that its time-consuming although it

Energies 2025, 18, 3940

https://doi.org/10.3390/en18153940


https://doi.org/10.3390/en18153940
https://doi.org/10.3390/en18153940
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0009-0001-2221-155X
https://orcid.org/0000-0002-7999-3345
https://orcid.org/0000-0001-7958-5344
https://orcid.org/0000-0001-8776-4561
https://doi.org/10.3390/en18153940
https://www.mdpi.com/article/10.3390/en18153940?type=check_update&version=1

Energies 2025, 18, 3940

2 of 20

has high accuracy. For each geometrical change, including linear PM motor motion, the
analysis is resolved again. Hence, it is applicable for the early design stage of linear PM
motors [4].

The other methods of solving Maxwell’s equations are analytical methods. These
methods aim to handle FEA’s high time-consuming feature [10]. To spend less time, it
assumes certain conditions for analysis. Because of the assumptions it considers, the accu-
racy of electromagnetic performance may vary depending on the researcher’s knowledge
of the behavior of the magnetic system. In the literature, analysis of electrical motors is
examined with three different approaches in terms of dimensions [11]: one-dimensional
(1-D), two-dimensional (2-D), and three-dimensional (3-D), while it is examined as slotless
and slotted according to the slot structure [5]. Analytical models in the literature, both in
size and in terms of slot structure, are the MEC, sub-domain, relative permeance model, and
complex permeance model. The sub-domain predicts the magnetic field distribution based
on the analytical approach of Maxwell’s equations [12]. It is solved by Fourier series with
the assignment of boundary conditions in different regions [13]. This method can easily
calculate the air-gap magnetic flux (MF) distribution of a linear PM motor at any point
radially and tangentially as accurately as FEA. In the literature, a sub-domain is proposed
by different studies such as a flux-switching PM motor [14], induction motor [6,15,16],
spoke PM motor [17], dual stator spoke PM motor [18], inset PM motor [19-21], surface
PM motor [22-24], linear PM motor [25], and axial flux PM motor [13,26,27]. Another ana-
lytical method is conformal mapping, which considers the slot effect. Conformal mapping
(CM) has been studied under two main headings: relative permeance model and complex
permeance model [5]. While the relative permeance model is analyzed in 1-D, the complex
permeance model is analyzed in 2-D [4]. CM analysis is performed in a unique way. It solves
a partial differential equation by transforming between coordinate systems. In the literature,
CM is proposed by different studies such as a flux-switching PM motor [28], bread-loaf
PM motor [22], spoke PM motor [29,30], inset PM motor [31], surface PM motor [32-35],
transverse-flux PM motor [36,37], SynRM [38], and axial flux PM motor [39]. CM and the
sub-domain method analyze by assuming the magnetic core permeability as infinite [6].
The last analytical method is the MEC. It differs from the aforementioned analytical models.
Unlike the sub-domain method and CM, this method can consider the non-linear magnetic
core feature and analyze any structure geometrically [40]. Because of these features, it is
also called the semi-analytical method. Analysis of this method is based on Kirchoff’s
current and voltage laws by creating flux tubes [41]. However, accurate estimation of flux
paths is difficult and requires experience, so it cannot be predicted with very high accuracy.
In the literature, the MEC is proposed by different studies such as an induction motor [42],
spoke PM motor [43], interior PM motor [44—46], surface PM motor [47,48], SynRM [5], dual
stator PM motor [4], switch reluctance motor (SRM) [49,50], linear SRM [48], flux-switching
PM motor [49-51], axial flux PM motor [51-61], linear vernier PM motor [13,62], and linear
PM motor [63-70]. Analytical methods in the literature are classified in Table 1.

In the literature, precious and valuable contributions have been made on modeling
techniques so far. However, these contributions failed to mention the following concerns.
First, the analytical method of the bread-loaf linear PM motor was not examined in these
studies. Second, the back electromagnetic force (EMF) of the bread-loaf PM linear mo-
tor is like a sinus waveform and is very suitable in AC systems. In addition, in these
studies, electromagnetic performance criteria were generally obtained with the radial com-
ponent of air-gap MF density in [62-70]. Ignoring the tangential component of air-gap MF
density creates two problems: ignoring winding leakage fluxes and the Maxwell Stress
Tensor (MST).
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The MST is widely applied in electromagnetic analysis tools such as Ansys and FEMM.
Third, obtaining experimental results is important in terms of proving that the result
obtained from numerical and analytical results can be used in practice. However, some
studies did not validate analytical results by experimental results [63-70].

Table 1. Comparison of methods in the literature.

. . Modeling Flux Leakage  Geometric
Method Literature Saturation Difficulty Accuracy Model Flexibility MST
Subdomain [6,13-27] No Easy High Yes No Yes
Conformal [22,28-39] No Easy Medium/ No No Yes
mapping High
MEC [42-63] except Yes Difficult Low/Medium No Yes No
for [45]
MEC for llpear [62-70] Yes Moderate Medium No Yes No
PM machine
Improved MEC Yes Moderate High Yes Yes Yes

In [62,63,65], saturation is considered in the MEC. Also, a force equation is calculated
according to the Lorenz Force Law. However, FEA is commonly solved based on the
Maxwell Stress Tensor method to calculate the force for high accuracy. Also, the leakage
flux is not considered. In [64,66-70], a linear PM machine is analyzed by the Lumped
Parameter Method. In these studies, the saturation condition is considered in some and
not in others. In addition, this method is inherently less accurate and difficult to model. It
does not consider leakage fluxes, and the Maxwell Stress Tensor cannot be used. Therefore,
this study is proposed to overcome these difficulties in the literature. The solution is based
on the Maxwell Stress Tensor for more similar accuracy with FEA. Leakage fluxes and
saturation are considered. Due to the air-gap model, it is not difficult to model, and the
accuracy is high. In addition to the studies in the literature, a bread-loaf type PM motor is
analyzed, and test results are shared.

This study proposes an experimentally validated two-dimensional MEC model for
bread-loaf linear PM motors, accurately accounting for magnetic saturation, leakage fluxes,
and tangential fields, while significantly reducing computation time compared to FEA.

The organization is as follows: The second section shows the linear PM motor structure
and proposed model. In the third section, the proposed model is validated by FEA and
experimental results. The fourth section covers the conclusion.

2. Proposed Model

The parts belonging to the linear PM motor structure are shown in Figure 1. The
moving part is introduced as a stator and the fixed part is introduced as a rotor. There are
two different winding techniques in electrical motors. These are concentrated winding and
distributed winding types. The concentrated one is generally used in linear PM motors.
The winding schemas of bread-loaf and surface linear PM motors are presented in Figure 2.
Additionally, arrows indicate the directions of the windings, showing from which slot they
come out and into which slot they enter. The basic parameters of linear PM motors shown
in Figure 1 are presented in Table 2.
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Figure 1. Structure of linear PM motor.

Pw“m

m

F_______________________‘

(b)

Figure 2. Winding topology of linear PM motors: (a) bread-loaf and (b) surface.

Table 2. Parameters.

Value [Unit]

Item [Symbol] Bread-Loaf Surface Item [Symbol] Bread-Loaf Surface
Rated power 100 [W] Stator yoke width [w;] 8.26 [mm)] 6.25 [mm]
Rated speed 0.7 [m/s] Stator slot opening width [ws] 14 [mm]
Number of stator slots [ N;] 7 Stator slot width [wg] 6.2 [mm] 4 [mm)]
Number of poles 13 Stator slot opening height [h] 2.06 [mm)]
Number of turns [Nph] 35 50 Rotor width [I,] 338 [mm]
Stator width [I;] 144 [mm)] 148 [mm)] Stator yoke width [w;] 6 [mm] 7 [mm]
Stator outer height [/1,] 47.25 [mm] 42 [mm] PM permeability [4c] 1.05 1
Stator yoke height [/] 39 [mm] 35.75 [mm)] Remanence MFD [B;] 1.23[T] 1[T]
Stator tooth height [h] 6.25 [mm)] 13 [mm] PM height max [hpmnm} 5 [mm)]
Stator tooth width [wy] 7.67 [mm] 7.7 [mm)] PM height min [l , ] 2 [mm] 5 [mm]
Stator tooth thickness [f+] 24.68 [mm] 21 [mm] PM width [wp,] 23 [mm)]

Stator slot opening width [ws,] 8.31 [mm] 4 [mm)] Air-gap [g] 1.25 [mm] 1 [mm]
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2.1. Permeance Sample

When creating the MEC of a linear PM motor, four different permeance form
types must be considered. Figure 3 depicts these four various types of permeance.
Equations (1)—(8) can be used to calculate permeances in Figure 3 [5].

_ HaLaln(wg /we2)

a
B = huln(wul *waz) M
a_ ,uaLaha(wal - waZ)
b= In(wg1/wa2) @)
2u, Lyw
pb = #bhbh b 3)
2u, Liyh
Pyh —_ ]’l?a)bb b (4)
c_ VchRc
Pyt = <R./4 (@)
c_ ,uchRc
By = nR./4 (©)
L;h
Pt = dez d @)
Lyw,
Pyd _ thz d ®)

where a, b, ¢, and d are superscripts for each part. These parts are shown in Figure 3 as a
perpendicular trapezoid, triangle, quarter circle, and rectangle, respectively. In addition,
the equations indicating the calculation of the permeance of the vertical and horizontal
components of these parts are expressed as subscripts. R, represents the radiuses of the
quarter circle particle in Figure 3a. u and L denote the permeability and effective length of
each particle, respectively. Also, heights and widths are denoted by h and w, respectively.

ALY <V
Wp
)

(a) (b) (c (d)

Figure 3. MEC permeances of different geometric regions. (a) Trapezoidal section; (b) Right triangular
section; (c) Quarter circular section; (d) Rectangular section.

2.2. Air-Gap Modeling

In all electrical motors, the MF must pass through the air-gap between the stator core
and rotor core. As a result, accurate modeling of the air-gap is essential in all electrical
motors for calculating electromagnetic performance criteria. The MF is transferred from
the stator to the air-gap and from there to the rotor, forming its magnetic circuit. Therefore,
a large part of electromagnetic energy exchange occurs in the air-gap. Consequently, air-
gap modeling poses significant challenges in linear PM motors due to complex magnetic
interactions. Because accurate modeling of the air-gap becomes challenging due to the
presence of leakage fluxes arising from interactions between the stator teeth and magnets.
One of the air-gap modeling methods is the MEC. However, leakage fluxes create problems
for the MEC. However, it is proposed to minimize these challenges by modeling the air-gap
into small sections to solve these issues.
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The horizontal and vertical components of air-gap magnetic field densities are calcu-
lated with the same lengths. Some assumptions are considered for these calculations. One
of these assumptions is that permeability is considered as a diamond shape. The air-gap
permeance in Figure 3 can be computed as (9) and (10):

Lw
Liw
Pyf = Egai‘g'==V0Li (10)

where L; is the effective length. y( represents vacuum permeability.

2.3. Stator Modeling

Stator’s sectional area, which is the moving part of the linear PM motor, is shown in
Figure 2. Considering stator modeling, the stator can be divided into five different areas in
terms of permeance. These areas are the stator yoke, stator tooth, stator tooth tip, slot, and
slot opening. Permeances should be modeled separately. Figure 4 shows stator modeling.
Horizontal and vertical permeances are shown in red and blue, respectively. The yellow
color indicates linear permeance, while the green color indicates non-linear permeance.
The windings generate magnetomotive force (MMF). And their calculation is presented in
Section 3.2. Permeances on the stator side can be calculated as in (11)—(15).

v — M (11)
S
L;h
P = % (12)
B = %ﬂ;t/z (13)
S
st _ MoLiwgy,
B = hsit /2 .
st _ HoLitisp
P = Wst /2 )
B iak iniy Rl i R
o fo
o e
—D+D- S o S M UM g e
LXIXEX XXX X DX DX DX DX X DX DX DX TS

Ui eiei-abe el ieie e il

’ [ Air-gap permeance ]- [ Nonlinear permeance ] (]
<> [) ’@ l Air-gap permeance ] =] l Nonlinear permeance ] 4
® [ Winding MMF source ]I:I [ Linear permeance ]
® l ‘Winding MMF source ] =] l Linear permeance ] "
(a) (b)

Figure 4. MEC of linear PM motors: (a) bread-loaf and (b) surface.

P, PS5, Pys, PySt, and P, denote stator yoke permeance, stator slot horizontal
permeance, stator slot vertical permeance, and stator tooth tip permeance, respectively.
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N; is the number of stator teeth. Also hstt, wst, Ws, hstt, Wisp, and wgy are stator tooth
thickness, stator slot width, stator yoke width, stator tooth tip thickness, and stator tooth
tip width, respectively.

2.4. Magnetic Source Modeling

The magnetic source in PM electrical motors consists of two different types. One of
these sources is stator windings. Another is PMs, which are a flux source. But the flux
source and MMF can be converted to each other, according to the Thevenin and Norton
equivalent circuit. The relative and recoil permeabilities will be assumed to be roughly
constant throughout this study. The permeance, MMF, and flux of PMs can be characterized
as in (16)—(18):

Yo = By Apm (16)
A
Py = Lol (17)
pm
P = ¥ypm (18)

where &, is the PM’s MME. B, is remanent MF density. y. denotes the recoil permeability
of the PM. The thickness and area of the PM are h);; and Ay, respectively. Figure 4 depicts
the CS form of the flux sources and PM.

In general, stator windings in electrical motors have two different winding types:
distributed and concentrated winding. Stator windings, which are another magnetic source,
can also be modeled as magneto motor force. If it is assumed that the core permeability of
these stator windings is infinite, the magnetic field formed by passing current through the
coil is called Ampere’s law.

Zu= [Hdl = L NI (19)

where 5, represents the magneto motor force source of the stator winding. N and I show
the number of turns and instantaneous stator current, respectively.

2.5. Iterative MEC Technique

There are several key techniques for electrical circuit analysis. These methods are
Kirchoff’s voltage and current law. These are also applicable for analysis of the MEC. The
flow diagram shown in Figure 5 shows the iterative resolution of the BH curve characteristic
in the MEC. First, it is necessary to create a permeance matrix. The first step to create
the permeance matrix is to include constant permeability in the matrix. Then, stator
windings and PM MMFs are placed in the MMF matrix. Afterward, the initial permeability
of magnetic steel is determined to start the iteration, and this value is set to 100. After
initialization, another step is to place permeance into the permeance matrix. The permeance
and flux matrix are determined with an iteration process. After these determined matrix
processes, the node MMFs matrix can be calculated easily in (20).

-1

=l ptt plz  plj yl
52 p2l p22  p2j y2

=1 . ) . ) ) (20)
él’ P;"l P;‘r2 ... P.i'f ‘I.”'

The matrix can also be represented as in (21).

[x1

=Py (21)



Energies 2025, 18, 3940

8 of 20

where t represents the number of nodes in the MEC. [P~1] is the state in which it is
sequentially placed in the matrix. The representation of the MMF node as a matrix is [Z].
The matrix G is indicated by a symmetric matrix, while the series of the MF source is also
[¥]. The rules must be followed for the permeability matrix’s notations in (22).

Pl =Pt i#j
Pl = Pit < 0i # j (22)
Pl = Pii > 0i = j
The above equations need to be linearized. Consequently, the advanced Gaussian
Iteration Method (GIM) is the technique adopted. The GIM is summarized as in (23).

Ek+1) = (@ = &) (1= @ +E)E(K) + (@ = &)~ ¥ (k) (23)
where k is the number of iterations and = is the relaxation factor, which ranges from zero
to two.

A=w—-1n—v
i = A=
0i #j
i — —Af'fi > j (24)
0 <j
i —AVi <
0i >j

After (24), non-linearity becomes a linear problem. Node MMFs can be calculated
after this process. After the GIM'’s process, MF density on any permeance can be calculated.
The flux and MF density on the permeance can be expressed as in (25) and (26).

yii — (E" - Ef) pii (25)
S

i (26)
Ab

where ¥¥/ stands for the MF of the permeance between the adjacent node. B/ denotes the
MF density of the permeance. The cross-sectional area of the permeance is represented by
the notation A”/. The BH curve is used to determine the permeability of the magnetic core.
In this curve, the permeability value is reached by applying the interpolation method. Also,
n, the magnetic permeability of the element, needs to be linearized. The formulation of this
situation can be shown as in (27).

(Hip—1) — H(n))

H(k)n = H(k) + (B(k)n - B(nfl)) (B(n_l) - B(”))

(27)
where the values of B(,,_1) and B, signify the point of the BH curve above and below the
value of B(k)", respectively. The values of H(,_1) and H, stand for the BH curve values
above and below the value of H(k)", respectively. Linerization is indicated by the symbol
ur". The following is a solution to the magnetic permeability iteration equation:

n_ ,n—1

% <e (28)

Here, it consists of iterations at the values " and 4" ~!. Also, ¢ represents the erroneous
magnetic permeability and is set to 0.001.
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Br,s = Br,O [1 + ,B(Tpm - TO)] (29)

where B, s and B, represent the PM magnetic flux density at the actual rotor tempera-
ture Tpy, and the reference temperature Ty, respectively. The parameter B denotes the
temperature coefficient.

Set rotor initial
position a=a

v

Initial State

X ) Initial values
Machine geometry Numbering Nodal k=0
parameters and permanance _
Wr = Winitial
Ve
' -y
Permeance Permeance Permeance
calculation of air- — calculation of |[— calculation of rotor
gap regions stator regions region

Perocococcscsssssssssssasss

cocccccccccnccnscsnasnnsncsncee

Using B-H curve

Linerization via Gauss
iteration method

L]

Set Flux Matrix ¥
Set Permeance Matrix Q — :l
Transform Branch MMF dt =dt+1

Matrix to Flux Matrix

Iterative MEC process

Calculation Air-gap magnetic
flux density and Stator slot flux

A 4

Back-EMF — Detent Force

Electromagnetic
Force

recccccccs
cecccccccs

Figure 5. Flowchart of MEC analysis.

3. FEA and Experimental Validation

In this chapter, the electromagnetic distributions of the linear PM machine, such as the
flux distribution, cogging force, back-EMF, and total force are calculated using the proposed
MEC. FEA is widely regarded as one of the most accurate and comprehensive techniques
for analyzing the electromagnetic behavior of electrical machines. Meshing constitutes a
fundamental step in the finite element analysis (FEA) process. Meshing is discretization of
an electrical motor into elements suitable for FEA. Therefore, employing a properly refined
mesh enables simulation results that closely align with experimental data. In Figure 6, the
linear PM motors are depicted as being suitably mesh. Furthermore, Figure 7 provides the
linear PM motor’s MF distribution. Additionally, Figure 8 depicts the MF distribution of
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linear PM motors. The non-linear BH curve of the steel core is shown in Figure 9. Linear
PM motors have been analyzed in the ANSYS-Maxwell 2023 R2 application using FEA.
These results are used to validate the accuracy and effectiveness of the proposed MEC
model. The MEC model provides results that closely match those of FEA, while requiring
significantly less computational time. Table 3 shows a comparison between FEA and the
proposed MEC in terms of time.

(b)

Figure 6. Meshing of linear PM motors: (a) bread-loaf and (b) surface.

(b)

Figure 7. Magnitude MF density of linear PM motors: (a) bread-loaf and (b) surface.

AWbim]
Max 0007

0.007 {

I

mnn
1)) |
=\ =L = ) =S Z
I L e T e T T

@)

O L T (]

(b)

Figure 8. MF distribution of linear PM motors: (a) bread-loaf and (b) surface.
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Figure 9. BH curve.

Table 3. Analysis of time comparison of the FEMM and MEC at no-load and on-load.

Analyze Type Machine Type MEC FEA
Surface 18 461

No-Load
Bread-Loaf 18 680
Surface 25 572

On-Load
Bread-Loaf 24 644

The experimental setup consists of a bread-loaf type linear PM motor mounted on a
linear guide rail system (Figure 10). A programmable current source provides excitation to
the motor windings, and a motor driver controls the system. A power supply feeds the
setup, while a computer is used to record measurements via a data acquisition system.
This configuration is used to validate the performance of the proposed motor model under

controlled conditions.

Figure 10. Experimental setup for bread-loaf linear PM motor.
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The environment was maintained at 25 + 2 °C. Measurement uncertainties were eval-
uated based on sensor specifications and multiple test repetitions, resulting in a maximum
error margin of approximately 2-3%.

3.1. Air-Gap MF Density

Air-gap magnetic flux density plays a critical role in determining key performance
metrics of electrical machines. For this reason, many different numerical and analytical
methods have been presented to calculate air-gap MF density. The proposed air-gap model
in Figure 4 is used to analyze air-gap MF density. It is an important detail to calculate the
vertical component of air-gap MF density by dividing the area of the flux passing through
the permeance shown in red into small pieces, while the horizontal component of air-gap
MF density is calculated by dividing the area of the flux passing through the permeance
shown in green into small pieces.

The air-gap flux distributions evaluated by FEA and MEC for the no-load condition are
shown in Figures 11 and 12. The analytical result revealed similar values to FEA as shown
in Figures 11 and 12. A notable level of magnetic saturation is observed under no-load
conditions as indicated by the flux density distribution. However, the computed error rate
is quantitatively low, indicating a strong agreement between the compared methods. In
summary, the results obtained from the MEC model closely align with those generated by
FEA. In this article, the MEC demonstrates accurate modeling for the air-gap domain and
high-accuracy results. It has been shown that accurate results can be obtained via the MEC
as well as FEA.

1.7

1.2

0.7

0.2

-0.3

-0.8 s

Magnetic Flux Density (T)

-1.3

0 36 72 108 144

Distance (mm)

(a)

1.7
1.2
0.7
0.2
—0.3
-0.8

-1.3

Magnetic Flux Density (T)

-1.8

0 36 72 108 144
Distance (mm)

(b)

Figure 11. Vertical MF density for linear PM motors; (a) bread-loaf and (b) surface.
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Figure 12. Horizontal MF density for linear PM motors; (a) bread-loaf and (b) surface.

3.2. Back-EMF
The flux linkage ¥, generated by a single turn coil is in (30).

=1L / (x,y,t) (30)

where the coil span angle is represented by 7.. The mechanical differantial is expressed
by dx, and the normal element of MF density at the surface of the stator is designated by
By(x,y,t). Predicting the back-electromotive force (back-EMF) can be achieved with good
accuracy using the normal component of MF density. Nevertheless, obtaining perfectly
accurate results is not feasible due to the inherent limitations of the analytical model. The
leakage flux throughout a slot and at the surfaces of the tooth tips is examined using
permeance in the MEC. And its calculations can be as in (31) and (32).

hsy +WSt/2
o) = Li [ [ " Bl tyddy Q)
hst wst /2

¢
qjleak(t) - lPleakl (t) + lPleak, Z(Y/leak] + lfll.eﬂky( )) (32)
n
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where hsy and hy are stator yoke height and stator slot opening height, respectively.
By (x,y,t) represents vertical MF density in the stator tooth. In terms of mechanical distance,
the stator slot’s width is represented by ws;. After (27)—(30), the overall flux flowing through
winding can be defined in (33) [4].

Fy(£) = Ny (Fe(t) + ¥ () + Fiear, (1)) (33)

where N, represents the phase’s turn number. MF leakage where a coil joins and leaves
the stator slots is referred to as ¥, (t) and ¥iea, (t), respectively. In accordance with Lenz
and Faraday’s laws, it calculates the negative value of the induced voltage by taking the
derivative of the flux generated from the coil and multiplying it by the number of turns
of coil. P
Eph(t) = —Nph Z};( ) (34)
E () represents the back-EMF value in a single phase in the no-load state. Figure 12
displays the difference between the back-EMF of any phase calculated by FEA and the
MEC. As illustrated in Figure 13, the results obtained from the MEC closely correspond to
those produced by FEA.

£
p!

'l

r

z \'\
= ™,
2—2 FEM \\
] ~ - == MEC .
G4 = Exp. Results i
-6
0 15 30 45 60 75
Time (ms)

(a)

Time (ms)

(b)
Figure 13. Back-EMFs for linear PM motors: (a) bread-loaf and (b) surface.

3.3. Electromagnetic and Detent Force

The horizontal electromagnetic thrust of the linear PM motor is analyzed and cal-
culated by using the magnetic field as a foundation; the Maxwell Stress Tensor (MST) is
used. To calculate the electromagnetic force that each stressed area of the object experiences
in respect to the tension on the surface outside of the item’s area, an equal density of
the magnetic field tension tensor must be integrated. From there, the electromagnetic
force sum is determined. Because of the magnetic interactions between the magnets and
the stator’s windings, the electromagnetic force is created. The net electromagnetic force
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generated along the motor’s axis is defined as the thrust force. Additionally, thrust force
is generated as a result of electromagnetic interaction even in the absence of current in
the windings. This force is generated in the absence of stator current due to the magnetic
interaction between the permanent magnets and the stator teeth. The PM and stator teeth
come in contact magnetically, causing the force. 2-D-estimated MF density can be used for
Maxwell’s equation to obtain the total electromagnetic thrust as in (35).

P=Ltiy [§(|§.2)_o.5.322 dp (35)
P

5
The following are the expressions for B and n:

7= nyay + nyay
- ItxHx yty
- — — (36)
B = Byax + Byay
. . — —
Unit vectors in the x and y directions are a, and a,. The normal vectors of the surface
are projected in the x and y directions as ny and n,.

The motor’s electromagnetic force magnitudes, both horizontally and normally, are as
in (37) and (38)

L 2 p2
F, = %]i [(Bx B, )nx +2BxByny} dp 37)
L‘
F = ;T(I)ﬁ (B, = B2 )y +2B:Byns | dp (38)

This equation emphasizes the horizontal electromagnetic thrust, where B, and By are
normal and tangential MF densities, and the integral path is p. Figures 14-16 show detent
force, thrust force, and average thrust force for linear PM motors, respectively.

Detent Forece (N)

Time (ms)

Detent Forece (N)

0 15 30 45 60 75
Time (ms)

(b)

Figure 14. Detent forces for linear PM motors: (a) bread-loaf and (b) surface.
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Figure 15. Thrust forces for linear PM motors: (a) bread-loaf and (b) surface.
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Figure 16. Average thrust forces for linear PM motors: (a) bread-loaf and (b) surface.
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4. Conclusions

This study has proposed an improved two-dimensional Magnetic Equivalent Circuit
(MEC) model for bread-loaf type linear permanent magnet (PM) motors, addressing several
critical challenges in existing analytical models. Specifically, electromagnetic performances
were predicted by considering the non-linear BH curve of the magnetic core; winding leakage
fluxes were incorporated into the back-EMF calculation, and the electromagnetic force was ac-
curately determined using the Maxwell Stress Tensor by including the tangential magnetic flux
density in the air-gap. The proposed model was experimentally validated and demonstrated
high accuracy across different operating conditions. Compared to finite element analysis
(FEA), it significantly reduces computation time while maintaining comparable precision,
making it a practical tool for early-stage motor design and rapid optimization processes.

The model uses the Gaussian Iteration Method (GIM) to effectively handle the non-
linear characteristics of the BH curve. Predictions of back-electromotive force (back-EMF)
and electromagnetic thrust force using this MEC approach showed strong agreement with
FEA results, indicating its capability to capture key electromagnetic behaviors. Moreover,
winding leakage was considered for more accurate back-EMF estimations, and electro-
magnetic force was calculated using the Maxwell Stress Tensor (MST), aligning well with
ANSYS-based simulations.

In addition to its validated accuracy, the proposed MEC model offers practical ben-
efits for engineering applications. Due to its low computational complexity, the model
is particularly well-suited for early-stage motor design, rapid prototyping, and iterative
optimization workflows. The model can be integrated into multi-objective optimization
workflows—such as thrust ripple reduction and force density maximization—when com-
bined with intelligent optimization algorithms like genetic algorithms or surrogate models.

In practical scenarios, this approach could significantly reduce simulation time while
maintaining sufficient precision, making it valuable for electric vehicle drive modules, high-
precision industrial actuators, and robotic automation systems. For example, in electric vehicle
linear actuators or CNC positioning systems, the ability to swiftly evaluate design alternatives
without resorting to full FEA each time represents a critical benefit in terms of cost and time.

However, certain limitations of the proposed model should also be acknowledged.
The MEC approach relies on accurate estimation of magnetic flux paths, which can be
challenging for highly asymmetric or unconventional geometries. Additionally, while the
model performs well under no-load and steady-state conditions, its extension to dynamic
or transient behaviors such as start-up or fault analysis has not been investigated in this
study. Future work could focus on improving the adaptability of the model to time-varying
excitations and validating its use in more complex system-level simulations.

In conclusion, the improved MEC model offers both high-fidelity electromagnetic
modeling and strong engineering applicability. The model offers a balanced trade-off
between analytical accuracy and practical applicability, serving as a practical and scalable
tool for the design and optimization of advanced linear PM motors.
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