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Abstract

The permanent magnet synchronous linear motor (PMSLM) is a key technology for the
ultra-high-speed acceleration in maglev transport systems over short distances. It has
attracted significant research interest owing to its high power density, high efficiency,
and excellent control performance. Nevertheless, the design of such motors faces sev-
eral challenges. These include the accurate calculation of inductance parameters and
the achievement of high thrust force density. To overcome these issues, this study first
derives analytical expressions for per-unit-length inductance and thrust force. Based on
these, key electromagnetic parameters and structural parameters of the motor are de-
signed. A segmented design scheme is also proposed. A finite element model of a bilateral
long-stator PMSLM is then established using Ansys Maxwell. Simulations are performed
to analyze the motor’s back electromotive force (EMF), electromagnetic thrust force, in-
ductance distribution, and induced voltage. The results show a good agreement between
the simulation and theory. The error in inductance calculations ranges from −5.5% to
+6.65%. The absolute error between the calculated and simulated thrust force values is
below 0.8 kN. Furthermore, the non-uniformity in inductance distribution and the causes
of thrust force fluctuation are investigated. Odd-order harmonics, such as the third and
fifth, are identified in the induced voltage. This research offers a design methodology and
simulation verification for ultra-high-speed PMSLMs. It lays a foundation for the future
development of end-effect compensation and harmonic suppression strategies.

Keywords: ultra-high speed; permanent magnet; synchronous linear motor; inductance
distribution; thrust force density; maglev

1. Introduction
With the development of the ultra-high-speed maglev transportation [1,2] and the

ground high-speed testing for aircraft [3], the study of high thrust force density linear
motors has gained increasing attention in recent years. Mainstream high-thrust force linear
motors can be categorized into induction linear motors [4,5] and synchronous linear mo-
tors [6]. The use of an iron core can significantly increase air gap magnetic density due to
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its high permeability, thereby improving thrust force density and providing mechanical
support. For this reason, in ultra-high-speed tests with tracks extending over kilometers,
long-stator segmented structures are often employed [7]. Induction linear motors have
a relatively simple structure and a lightweight mover. However, they suffer from low
power factor, low efficiency, and limited thrust force density. In contrast, synchronous
linear motors offer higher power density, better power factor, and improved efficiency.
Synchronous linear motors offer superior control precision, making them well-suited for
ultra-high-speed traction. High-speed maglev trains use a single-sided stator configura-
tion, where the traction and levitation systems are coupled [8]. This integrated structure
demands a highly sophisticated control system, posing challenges in ultra-high-speed
scenarios. A bilateral stator configuration can more effectively utilize the magnetic field of
the permanent magnets to enhance thrust force density. Japan’s superconducting electrody-
namic suspension system employs superconductors [9], which entail relatively high costs.
In comparison, using multi-pole permanent magnets as the mover offers a simpler structure
and lower cost. Based on these considerations, this paper focuses on the preliminary design
of the ultra-high-speed bilateral permanent magnet synchronous linear motor.

Accurate modeling of electromagnetic fields is essential for the preliminary design
of ultra-high-speed PMSLMs, primarily relying on analytical and numerical methods.
Reference [10] developed a mathematical model based on stator current orientation in
the synchronous reference frame, incorporating core saturation to derive magnetic field
distributions and thrust force formulas. Reference [11] established a two-dimensional finite
element model, calculating flux density using Ampère’s law and determining thrust and
normal forces via the Maxwell stress method. Reference [12] employed an equivalent
magnetization model with Fourier series expansion to compute air gap flux density and
the Lorentz force law, and validated results using finite element analysis. Reference [13]
used the Biot–Savart law and Poisson’s equation to model the magnetic field of a Halbach
array and verified end effects via finite element analysis (FEA); In addition, the thrust
force, normal force, back EMF, and thrust force ripple are also analyzed using the Maxwell
stress tensor and dynamic circuit theory. Reference [14] introduced a double Fourier series
method to analytically solve the three-dimensional magnetic field, validated it with FEA,
and also derived thrust and normal force expressions using the virtual work principle.
Reference [15] combined dynamic circuit theory and virtual displacement methods to build
a three-dimensional analytical model based on the Biot–Savart law, calculating electromag-
netic forces via the Maxwell stress tensor and Lorentz force integration. Current research
also focuses on thrust force ripple analysis and suppression. Reference [16] proposed an
efficient pseudo-3D analytical model for double-sided (bilateral) linear induction motors,
accounting for longitudinal, transverse, and exit-end effects. Reference [17] studied the elec-
tromagnetic performance of linear motors for ultra-high-speed maglev under square-wave
voltage supply and proposed optimization strategies. Reference [18] achieved high thrust
force and low ripple using fractional-slot windings and innovative permanent magnet
arrangements. Reference [19] introduced an interleaved laminated coil structure that re-
duced force ripple to 2.3% under the PWM supply. Control strategies [20,21] and advanced
algorithms [22] also remain effective for thrust force fluctuation suppression. Although
progress has been made in electromagnetic modeling and thrust force analysis, existing
models are often not suitable for rapid estimation of fields and forces in the segment design
of long-stator linear synchronous motors. By neglecting secondary factors such as winding
cross-section shape and tooth-slot dimensions, the modeling process can be simplified,
thereby easing the motor design procedure.

Based on the above, this study concentrates on the bilateral permanent magnet syn-
chronous linear motor. We develop both inductance and electromagnetic force models
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and propose a simplified preliminary design flow. First, by neglecting end effects, cogging
effects, and detailed winding geometry, we establish analytical formulas for per-unit-length
inductance and thrust force under multi-motor parallel operation. Second, we analyze
the influence of key structural parameters—air gap length and pole pitch—on inductance,
thrust force, and their interrelationship. Finally, a finite element model is built to compare
theoretical and simulated inductance values and to validate the accuracy of the thrust
force formula.

The main contribution of this work is that the proposed magnetic field model accom-
modates any number of parallel motor units, broadening its applicability. The derived
per-unit-length expressions for inductance and thrust force are concise, making them more
suitable for rapid preliminary designs compared to numerical simulations or complex
analytical solutions.

2. Modeling of the Ultra-High-Speed PMSLM
Considering the high thrust force requirements of ultra-high-speed PMSLMs, this

paper discusses the structure of a bilateral long-stator permanent magnet synchronous
linear motor, as shown in Figure 1. The tooth slots and winding regions are defined as cur-
rent layers to reduce the number of solution regions and simplify the physical model. The
following assumptions are adopted under the low-frequency (quasi-static) approximation:

Figure 1. A schematic diagram of the long-stator linear motor structure.

(1) The iron core is infinitely thick;
(2) The magnetic field does not change along the z-axis;
(3) The movers’ material is NdFeB;
(4) Ignoring end effects and skin effect;
(5) Teeth and slot effects are ignored.
As shown in Figure 1, the long-stator linear motor adopts a bilateral symmetric

structure, and the position of the mover is shown by the dashed line. The winding ports are
arranged in the order A1+, A2+, . . ., AN+, C1−, C2−, . . ., CN−, B1+, B2+, . . ., BN+. A positive
sign indicates the current flows out of the paper, while a negative sign indicates the current
flows into the paper. To reduce harmonics, the phase difference between two adjacent ports
is π/(3N). Ak+, Ck−, Bk+ (k = 1, 2, . . . N) adopt the same power supply configuration as
a three-phase motor. The stator core employs a laminated structure, with eddy current
effects neglected and maintained in a non-saturated state. A Cartesian coordinate system
(Oxy) is established with the x-axis aligned horizontally and the y-axis vertically. After
removing the mover, the computational domain is divided into three regions: regions I and
III represent ferromagnetic areas exhibiting a symmetrical electromagnetic field distribution
along the x-axis, while the remaining region constitutes the air region II.
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2.1. Governing Equations

For the ferromagnetic region I, assume the current expressions for ports Ak+, Bk+, and
Ck+ (k = 1, 2, . . ., N) are as follows:

iAk = I0 sin
(

ωt + π(k−1)
3N

)
iBk = I0 sin

(
ωt + π(2N+k−1)

3N

)
iCk = I0 sin

(
ωt + π(4N+k−1)

3N

) , (1)

where I0 denotes the amplitude and ω the angular frequency of the current. At this time,
the traveling wave magnetic field generated by the winding current moves toward the
negative x-axis. Then, the spatial distribution of the current at the boundary between region
I and region III is

I(x, t) =
+∞

∑
k=−∞

I0 sin
(

π

p
x + ωt

)
δ

(
x − (k − 1)p

3N

)
, k ∈ N, (2)

where δ(·) represents the spatial impulse function and satisfies

lim
ε→0

∫ (k − 1)p
3N

+ε

(k − 1)p
3N

−ε

δ

(
x − (k − 1)p

3N

)
dx =1, k ∈ N, (3)

Taking t = 0, the current distribution exhibits odd symmetry with respect to the origin.
According to the Fourier series, Equation (2) can be expanded as follows:

I(x, 0) =
∞

∑
n=1

an sin
nπx

p
, (4)

where n takes an integer value indicating the order; the coefficient for each order an is
expressed as

an =
1
p

2p∫
0

3N

∑
k=0

I0 sin
(

π

p
x
)

δ

(
x − (k − 1)p

3N

)
sin

nπ

p
xdx, (5)

It was calculated that a1 = 3NI0/p, and the coefficients of the other orders are zero. Then
the distribution of current at the boundary between region I and region II is

I(x, 0) = 3N sin
πx
p

= Im
{

3
NI0

p
ej π

p x
}

(6)

where j is the imaginary unit and k = π/p. For the vector magnetic potential of both region
I and region III in the two-dimensional model, only the z-axis component exists; no free
current exists in air region II, so a scalar magnetic potential can be used for electromagnetic
field description. The electromagnetic field governing equations of region I and region II
are, respectively, (

∂2

∂x2 +
∂2

∂y2

)
AI

z(x, y, t) = 0 (7)

(
∂2

∂x2 +
∂2

∂y2

)
φII(x, y, t) = 0 (8)
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where AI
z(x, y, t) and φII(x, y, t) can be expressed in the form of ej(kx+ωt), respectively

representing the vector magnetic potential of region I and the scalar magnetic potential of
region II. The vector magnetic potential of region III is similar to the description of region I.

2.2. Boundary Conditions

For simplicity, it is assumed that the magnetic field strength on the surface of the iron
core is zero. That is

AI
z(x, h/2, t) = 0 (9)

At the boundary between region I and region II, the following conditions apply:

−∂AI
z(x, g/2, t)

∂x
= −µ0

∂φII(x, g/2, t)
∂y

(10)

− 1
µ

∂AI
z(x, g/2, t)

∂y
− µ0

∂φII(x, g/2, t)
∂x

= I(x, t) (11)

where µ0 is the permeability of air and µ is the core’s permeability. Additionally, it is
necessary to supplement the symmetry condition:

∂φII(x, 0, t)
∂x

= 0 (12)

2.3. Inductance Coefficient and Thrust Force Density

According to Equations (1)–(12), the per-unit-length inductance can be evaluated as

L = − 1
2p

1
I(x, 0)

p∫
0

µ0
∂φII(x, g/2, 0)

∂y
wdx = 4.8N

w
p

ekg/2(
ekg/2 − µre2kd−kg/2

) (13)

For PMSLMs, a larger horizontal magnetic field component on the mover’s surfaces
results in a greater thrust force. Using the magnetic charge method, the surface magnetic
charge density of the mover is σm = Br/µ0, where Br is the remanent flux density. Ignoring
the effect of the mover on the horizontal magnetic field component on its surface, the
x-directed magnetic field component at y = d/2 is

HII
x (x, y, t) = −∂φII(x, y, t)

∂x
≈ Re

{
− I0(ekd/2 − e−kd/2)

(ekg/2 − e−kg/2)
ej(kx+ωt)

}
(14)

Then the approximate expression for the maximum per-unit-length thrust force is

fx =
−2wσm

p

∫ p

0

∂φII(x, d/2, 0)
∂x

dx ≈ 12wBrNI0

πp
(ekd/2 − e−kd/2)

(ekg/2 − e−kg/2)
(15)

3. Influence of Structural Parameters on Electromagnetic Parameters
In the mainstream design of ultra-high-speed traction systems, the number of parallel

motors is four. The inductance density for per-unit thickness core is defined as the induc-
tance coefficient, and the thrust force density for per-unit residual magnetism, per-unit
current, and per-unit core thickness is defined as the thrust force coefficient.

3.1. Inductance Coefficient

Equation (13) indicates that the inductance coefficient is proportional to the number of
parallel motors and is influenced by the pole pitch (p) and air gap (g). To investigate the
coupling effect of pole pitch and air gap, the air gap is varied from 20 mm to 100 mm. The
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inductance coefficients under different pole pitches (100 mm, 200 mm, 300 mm, 400 mm,
500 mm) are shown in Figure 2.

Figure 2. Variation in the inductance coefficient with the air gap under different pole pitches.

3.2. Thrust Force Coefficient

Equation (15) shows that the thrust density is proportional to the PM remanence (Br),
the number of parallel motors (N), and the current amplitude (I0). It varies approximately
exponentially with PM thickness. With the PM thickness fixed at 30 mm and the air gap
varying from 50 mm to 100 mm, the thrust coefficient under different pole pitches is shown
in Figure 3.

Figure 3. Variation in the thrust force coefficient with the air gap under different pole pitches.

It reveals that the thrust coefficient decays with the increasing air gap. For any pole
pitch, the thrust force coefficient exhibits near-exponential decay as the air gap increases.
The decay rate slows with larger pole pitches. This is due to the increased magnetic
reluctance reducing the main flux. The pole pitch regulates the sensitivity of the thrust force
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coefficient. Larger pole pitches result in flatter decay curves, indicating reduced sensitivity
to air gap variations. This suggests large-pole-pitch designs offer stable outputs and better
robustness against air gap fluctuations. The thrust force coefficient is inversely proportional
to pole pitch. At g = 50 mm, thrust force coefficients are 117.9 N/m2, 60.6 N/m2, 40.6 N/m2,
30.5 N/m2, and 24.4 N/m2 for pole pitches of 100 mm, 200 mm, 300 mm, 400 mm, and
500 mm respectively. A fivefold increase in pole pitch reduces thrust force coefficients
to about one-fifth. This is primarily because larger pole pitches disperse the main flux,
reducing the air gap flux density and thus reducing the electromagnetic thrust force.

In summary, designing a PMSLM with low inductance and high thrust force requires
balancing the pole pitch and air gap.

4. Performance Calculation of Ultra-High-Speed PMSLMs
The amplitude of the per-unit-length back electromotive force for a single-phase

winding is

ev = −µ0wv
p

· ∂φII(x, g/2, t)
∂y

(16)

The amplitude of the induced voltage per unit length is

ei = 2π f LI0 (17)

Assuming that the cross-sectional area of each winding is S, the amplitude of the
resistance voltage drop per unit length is

er =
3NρwI0

pS
(18)

Neglecting feeder cable effects, suppose that bilateral stator windings are connected
in series and supplied by two inverters in series. Given the mover length lv and stator
segment length li, the inverter output voltage for a single side is

Us =
√
(Ev + Er)

2 + E2
i =

√
(lvev + lier)

2 + (liei)
2 (19)

The motor’s power factor is

cos φ =
Er + Ev

Us
(20)

The motor’s efficiency is

η =
Ev

Er + Ev
(21)

5. Preliminary Design of Ultra-High-Speed PMSLM
The ultra-high-speed maglev test requires accelerating a load to an ultra-high speed

within a short distance. The design target is to accelerate a 650 kg load to 1500 km/h within
500 m. The preliminary design will refer to China’s 600 km/h high-speed maglev PMSLM
design standards:

(1) Single-phase winding insulation strength: 6 kV;
(2) Operating current (RMS at high frequency): 1.2 kA;
(3) Inverter output frequency ranges: 0~356 Hz.
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5.1. Preliminary Design of Key Parameters

The pole pitch of the linear motor of the high-speed maglev is 0.258 m. Without
altering the output frequency of the converter and the insulation strength of the cable, the
selected pole pitch is

p =
1500 km/h
600 km/h

× 0.258 m = 0.645 m (22)

Referring to the rated air gap of the high-speed maglev, the air gap between the mover
and stator is designed to be 10 mm. The stator stack thickness is 450 mm, and the height is
90 mm. Stator slots and teeth are of equal width.

Assuming a constant acceleration of the mover, the required thrust force is

F0 = m
v2

max
2s

= 1.129 × 105N (23)

where vmax denotes the maximum speed of 416.7 m/s and s is the total length of the track
of 500 m.

As shown in Equation (15), the thrust force density exhibits a positive correlation with
the thickness of the permanent magnet (mover). The height of the permanent magnet must
first satisfy the thrust force density requirement. Meanwhile, its thickness should match
that of the stator stack. In this design, a permanent magnet with a thickness of 50 mm and a
grade of N52 is selected. The length of each individual permanent magnet pole corresponds
to the pole pitch. The number of poles must be determined to meet the total thrust force
requirement. When the RMS value of the phase winding current is set to 1200 A, the thrust
force provided by a single permanent magnet pole can be calculated as follows:

Fp = p · fx = 1.181 × 104N (24)

Obviously, 10 poles of the mover are required to meet the thrust force requirements.
In this case, the length of the mover is calculated by lv = 10 × 0.645 m = 6.45 m. When
the number of parallel motors is four, the design parameters of the PMSLM are shown in
Table 1.

Table 1. The main parameters of the PMSLM.

Parameters Values Units

Air gap 10 mm
Pole pitch 645 mm

Groove width 26.875 mm
Stator stack’s cross-section 450 × 90 mm2

Winding’s cross-section 285 mm2

Operating current (RMS) 1200 A
Permanent magnet grade N52 -

Mover height 50 mm
Number of mover poles 10 -

5.2. Preliminary Design of Motor Sections

For linear motors, a reduced number of segments leads to fewer switching devices.
This reduction is beneficial for lowering overall system costs. Therefore, it is critical to
maximize the terminal voltage and improve the power factor as much as possible. Two
methods are commonly used for segmenting the linear motor.

(a) The first method begins from the initial stator segment. The length of the first seg-
ment and its terminal velocity are determined based on the voltage limitations and current
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magnitudes of each phase. Subsequent stator segments are then designed sequentially in a
downstream direction.

(b) The second method starts from the final stator segment. The length and the
entry velocity of the last segment are defined according to the voltage constraint, current
amplitude, and maximum operational speed of each phase. Preceding segments are then
designed sequentially in an upstream direction.

In both methods, the phase voltage must adhere to insulation requirements. Its
amplitude should remain below 6 kV. When neglecting the impact of feeder cables and
switching delays, the length of each stator segment must satisfy the condition specified in
Equation (25).

Us ≤ 6000V (25)

When the first method is adopted, the length of the initial stator segment is first
determined using Equation (25). Subsequently, the terminal speed of this segment is
calculated based on Equation (26).

vn =
√

v2
n−1 + 2aln (26)

When the second method is adopted, the terminal speed of the final motor segment
is known. Based on this, the length of the end stator segment can be determined using
Equation (25). Subsequently, the speed of the mover passing each terminal end of the stator
can be derived from Equation (27). By iteratively applying Equations (25) and (27), the
lengths of all preceding stator segments can be sequentially computed.

vn−1 =
√

v2
n − 2aln (27)

Based on the above analysis, the stator length, voltage drop, power factor, and effi-
ciency for each segment can be determined. The segmentation results according to the two
methods are detailed in Tables 2 and 3, respectively. A comparative analysis reveals distinct
characteristics: (1) The first method exhibits a “long-front, short-rear” configuration. The
initial segment measures 156.090 m in length, while the final segment is significantly shorter
at 36.120 m. (2) The second scheme demonstrates a more balanced length distribution.
Segment lengths range between 73.530 m and 135.450 m. The terminal segment is 86.430 m.
Regarding electrical performance: (1) In the first scheme, the stator voltage remains slightly
below 6 kV for the first four segments. The fifth segment experiences a notable drop to
2.469 kV. (2) In the second scheme, the voltage is 1.835 kV in the first segment but remains
consistently around 6 kV for the subsequent segments. Both methods exhibit relatively low
power factors. The first method yields a marginally lower power factor only in the initial
segment compared to the second method. In segments 2 to 5, the first method demonstrates
superior power factor performance. From a practical perspective, the balanced segment
length distribution in the second scheme facilitates manufacturing and installation pro-
cesses. The reasonable length of the final segment enables more precise control during
high-speed operation.

Table 2. Segment design by Method 1.

Segment Number 1 2 3 4 5

Length (m) 10 156.090 117.390 101.620 90.300
Terminal velocity (m/s) 645 232.805 308.153 360.411 401.560

Back EMF (V) 26.875 246.180 325.857 381.117 424.630
Induction voltage (kV) 450 × 90 5.958 5.931 5.945 5.945
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Table 2. Cont.

Segment Number 1 2 3 4 5

Terminal voltage (kV) 285 5.963 5.940 5.958 5.960
Power factor 1200 0.041 0.055 0.064 0.071
Length (m) 10 156.090 117.390 101.620 90.300

Table 3. Segment design by Method 2.

Segment Number 1 2 3 4 5

Length (m) 73.530 135.450 119.650 95.460 86.430

Terminal velocity (m/s) 159.219 269.039 332.348 378.947 416.667

Back EMF (V) 168.367 284.496 351.442 400.718 440.605

Induction voltage (kV) 1.919 5.974 5.975 5.931 5.904

Terminal voltage (kV) 0.087 0.048 0.059 0.067 0.074

Power factor 73.530 135.450 119.650 95.460 86.430

Length (m) 159.219 269.039 332.348 378.947 416.667

6. Finite Element Simulation and Analysis
A finite element model of a bilateral long-stator PMSLM was developed using Ansys

Maxwell software. The mover comprises five magnetic poles. The overall span of the
mover is 3.225 m. Both stator and rotor dimensions strictly matched the predefined design
parameters. The stator core material is DW310_35, with balloon boundary conditions
applied. The winding ports were assigned a mesh length of 3 mm, while the stator core
mesh length was set to 30 mm, with automatic meshing applied to other regions.

The total length of the stator in the mover-removed model, as shown in Figure 4, is
3.252 m, and the stator winding excitation adopts the current source form. The simulation
results are shown in Table 4. Note that the winding is arranged in the order A1+, A2+,
A3+, A4+, C1−, C2−, C3−, C4−, B1+, B2+, B3+, B4+. Table 4 presents the inductance
values of the 12-phase winding. The results show the inductance values initially increase
and then decrease along the winding array. Spatially symmetric positions exhibit closely
matched inductance values. For example, winding pairs A1/B4 and A2/B3 demonstrate
nearly identical inductance values. The comparison between simulated and theoretical
inductance values reveals a high agreement. The relative errors range from −5.501% to
+6.650%, indicating high accuracy in the theoretical calculations, validating the reliability
of the analytical model. End windings (A1, B4) show substantially lower inductance values
compared to central windings (C2, C3). This phenomenon primarily results from the
longitudinal end effect inherent in linear motor designs.

The total length of the stator in the mover-exist model is 13.572 m, and the electromag-
netic field distribution and thrust force results are shown in Figures 5 and 6 respectively.
Observations indicate significant magnetic leakage at the ends of the stator. This leakage
causes field attenuation, reducing the air gap flux density when the mover passes the stator
terminals. Consequently, the electromagnetic force decreases, with a minimum thrust force
value of 26.875 kN. As the mover enters the central region of the stator, the magnetic field
becomes uniform. This results in increased thrust force, reaching a peak value of 38.807 kN.
Thrust force exhibits considerable fluctuation during operation. The fluctuation amplitude
peaks at 23.123% of the average thrust force value. The primary fluctuation frequency
occurs at 24 times the supply frequency. This phenomenon is caused by periodic alignment
and misalignment between the stator’s teeth and the mover during operation. Fourier
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transform analysis was performed on the thrust force data, and the resulting spectrum is
shown in Figure 7. The component 31.519 kN at zero frequency, representing the average
thrust force. A 24th-order harmonic component with an amplitude of 3.537 kN, accounting
for 11.221% of the average thrust force. Calculated theoretical thrust force (70 mm tooth
spacing) yields 27.392 kN, showing an absolute error below 0.8 kN compared to the peak.
When considering the distance between the winding geometric center and tooth surface,
the theoretical thrust force (96.875 mm tooth spacing) yields 27.392 kN, with an absolute
error under 0.6 kN. Both calculation methods demonstrate minimal discrepancies with
simulation results.

Figure 4. PMSLM model with the mover moved.

Table 4. Inductance values of each winding (theoretical inductance value: 19.834 µH·m−1).

Winding Name A1 A2 A3 A4 C1 C2

Inductance (µH·m−1) 18.745 19.448 20.082 20.600 20.965 21.153

Winding Name C3 C4 B1 B2 B3 B4

Inductance (µH·m−1) 21.153 20.964 20.599 20.082 19.447 18.743

Figure 5. Mover-exist PMSLM model.
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Figure 6. Time variation in thrust force during synchronous operation.

Figure 7. Frequency spectrum characteristics of the thrust force.

Figure 8 illustrates the voltage waveform of the phase windings. The waveform
exhibits periodic fluctuations between +3 kV and −3 kV. Its cycle duration matches the
power supply frequency. A consistent phase angle difference of π/12 is maintained between
adjacent phases. Waveform distortion primarily originates from core saturation effects.
This saturation introduces nonlinearity into the magnetization curve, deviating from ideal
sinusoidal behavior. Consequently, harmonic components are generated.

Figure 8. Variation in the induced voltage over time.
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Figure 9 displays the harmonic spectrum analysis. Dominant spectral components
are observed at 323.102 Hz (fundamental frequency) with amplitude 2.105 kV, 969.305 Hz
(3rd harmonic) with amplitude 0.463 kV, and 1615.509 Hz (5th harmonic) with amplitude
0.270 kV. Higher-frequency components show progressively diminishing amplitudes. Al-
though these high-frequency harmonics have relatively low amplitudes, they contribute to
increased iron and copper losses. Therefore, minimizing current harmonic components is
essential for optimizing linear motor performance.

Figure 9. Frequency spectrum characteristics of induced voltage.

7. Conclusions
This research addresses the core requirements of high thrust force density and low

inductance in PMSLMs for ultra-high-speed traction. A systematic investigation was
conducted, spanning electromagnetic theoretical modeling, parameter design, and finite
element validation. The main conclusions are as follows.

(a) An analytical model neglecting end effects was established. Formulas for the
inductance coefficient and thrust force coefficient were derived. Finite element simulations
confirmed small errors between theoretical and simulated values for winding inductance
and electromagnetic force. This validates the model’s accuracy and reliability, provid-
ing a theoretical tool for rapid preliminary design and optimization of ultra-high-speed
linear motors.

(b) This study reveals the coupling effects of pole pitch and air gap on electromagnetic
parameters. For large air gaps, increasing the pole pitch effectively reduces the inductance.
Larger pole-pitch designs enhance thrust force robustness against air gap fluctuations.

(c) Two segmentation strategies were compared: the “long front, short rear” delivering
superior overall power factor; the “balanced-length” configuration simplifies manufactur-
ing, installation, and ultra-high-speed control.

(d) Longitudinal end effects cause a non-uniform spatial distribution of winding
inductance. Cogging effects induce significant thrust force fluctuations. Induced voltage
waveforms contain prominent 3rd and 5th harmonics, increasing core losses.

This study establishes a complete PMSLM design methodology, integrating theoretical
calculation, parameter analysis, and simulation verification. The proposed motor scheme
achieves ultra-high-speed acceleration of loads over short distances, offering significant
engineering value for advancing maglev traction systems.
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