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HIGHLIGHTS

ABSTRACT

e The electromagnetic field of a surface-
mounted permanent magnet motor (SMPMM)
was modeled using finite element analysis

e Magnetic performance parameters were
evaluated under current excitations up to 2 A,
and saturation in laminated steel was revealed

o A maximum torque of 1.88 N.m was achieved
at an optimal air gap of 0.45 mm

e Core and eddy current losses were computed
to quantify high-frequency effects

e Experimental validation with M36, 65C600,
EN8, and EN353 confirmed the significance of
nonlinear material properties for high-
efficiency design

This study investigates the finite element analysis (FEA) of a surface-mounted
permanent magnet motor (SMPMM) using QuickField software. The model was
developed by solving Maxwell’s equations on meshed SMPMM geometries,
integrating real B-H curve data for laminated steel stator and rotor materials to
accurately represent the nonlinear behaviour of the SMPMM. The simulation was
performed to evaluate the magnetic flux distribution, air-gap flux density, torque,
and self-and mutual inductance at an operational speed of 3000 rpm, and compares
the simulated outputs with existing experimental results. Under current excitation
up to 2 A, the simulated air gap density ranged from 0.7 Tesla (T) at minimum
rotor-stator coupling to 1.2 T at peak alignment during an electrical cycle. Peak
torque reached 1.8823 N.m at a 0.45 mm air gap, decreasing slightly to 1.8572
N.m at 0.75 mm. Self-inductance declined from 0.8 H to 0.5 H, while mutual
inductance declined from 0.049 H to 0.03 H, showing the effect of magnetic
saturation. Core and eddy current losses increased nonlinearly at higher speeds and

flux densities. The validated results highlight the importance of incorporating
nonlinear magnetic properties and velocity-dependent losses in SMPMM design
accurate prediction of performance under both nominal and extreme conditions,
supporting robust, high-efficiency motor development for industrial, automotive,
and renewable energy applications.

Keywords:
Surface-mounted permanent magnet; Flux
linkage; Self-inductance; Mutual inductance.

1. Introduction

Industrialization is on a new pedestal with the advent of Industry 5.0, which is based on human-centered innovation,
creativity with efficiency, artificial intelligence, and machine precision in industrial production [1]. Recently, permanent magnet
motors have become a crucial technology in the rapidly growing power electronics industry [2], serving as a power drive in
various applications, such as industrial automation, agricultural equipment, electric vehicles, robots, renewable energy systems,
and high-speed industrial operations [3]. Surface-mounted permanent magnetic motors (SMPMMs) are valued for their compact
size, high torque density, and high efficiency [4,5]. However, the nonlinear magnetic characteristics and electromagnetic losses
in rapid and dynamic situations have been identified as major determinants of permanent magnet performance [6]. Studies have
shown that designs and analyses commonly include magnetic fields under a limited flux density while neglecting speed-
dependent dynamic losses [7]. Consequently, these models do not adequately capture core saturation effects or eddy current
losses at higher operating speeds [8,9].

Several magnet types, including NdFeB, SmCo, and ferrite, have been studied in the past, each with distinct performance
traits [10-12]. High-energy magnets, such as SmCo, offer superior flux density and thermal stability, making them ideal for high-
speed and high-temperature applications [13-15]. However, the high procurement costs and limited availability of cobalt for
numerous applications have spurred interest in alternatives [16,17]. Strontium ferrite (Sr—ferrite No. 8), while offering lower
magnetic performance, provides a cost-effective solution for applications with moderate performance requirements [18]. This
trade-off between cost and magnetic capability continues to drive research into optimized motor designs using various
permanent-magnet materials.
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Research by Slemon [19], also suggests that SMPMM with neodymium-iron-boron (Nd-Fe-B) magnets are capable of high
torque performance, making them an ideal alternative for advanced industrial and automotive applications. However, high stator
currents render the magnet susceptible to demagnetization, particularly under low-duty-factor conditions when short bursts of
high performance are required. In contrast, high-duty factor applications, where long-duration operation is required, require
thermal management to maintain the optimal performance of the magnet. Liquid cooling, heat sinks, and forced-air cooling
systems are also required to prevent overheating and winding insulation in magnets. Handling the interaction between thermal
and electromagnetic limitations is essential because overheating may lead to insulation, impair magnetic flux, and reduce
system efficiency [20,21]. Hence, there is a need to simulate models that incorporate realistic nonlinear magnetic properties and
account for high-frequency loss mechanisms to ensure reliable and efficient motor operation.

Finite Element Analysis (FEA) offers a robust solution to these challenges by solving Maxwell’s equations in complex
geometries with realistic material properties using QuickField software. Conventional FEA tools often require steep learning
curves, substantial computational resources, and costly licenses, thereby limiting their accessibility for both researchers and
industry practitioners. QuickField software offers a cost-effective, user-friendly tool for electromagnetic field simulation. It is
an alternative for reliable FEA with robust capabilities in modelling complex magnetic, thermal, and electrical phenomena within
two-dimensional and three-dimensional domains. It facilitates automated meshing, built-in electromagnetic solvers, and intuitive
contour and integral calculation tools that enable researchers to extract detailed performance parameters, including flux density
distribution, flux linkage, torque, and inductance, without extensive programming. This accelerates the design iteration process
while maintaining computational accuracy [22]. QuickField software was used to perform the FEA of an SMPMM simulating
actual B-H curve data for a laminated steel stator and rotor. The simulation investigates key performance indicators, magnetic
flux distribution, air-gap flux density, torque, and inductance at 3000 rpm, and compares the results to those presented by
Urabinahatti et al. [23], on the magnetic characterization of ferromagnetic alloys for high-speed electric machines. This approach
not only improves model reliability but also demonstrates the capability of QuickField as a cost-effective yet precise simulation
tool for high-speed permanent magnet machine design.

This research aims to simulate the FEA model of an SMPMM by solving Maxwell’s equations on meshed geometries of the
SMPMM to obtain the nonlinear magnetic properties of laminated electrical steels using QuickField software. The specific
objectives of this study are to simulate the B—H curve data for laminated steel stator and rotor materials, to evaluate the magnetic
flux distribution, air-gap flux density, torque, as well as self- and mutual inductances at an operational speed of 3000 rpm, and
to compare the simulated results with available experimental data. The following section presents the materials and methods
adopted to achieve these objectives.

2. Materials and methods

2.1 Geometry and motor design

A two-dimensional cross-sectional model for the SMPMM, shown in Figure 1, was designed to accurately represent the
radial distribution of the magnetic flux. The key design parameters, as presented in Table 1, include a stator with an outer diameter
of 125 mm, an inner diameter of 45.6 mm, and nine slots. The rotor possesses an outer diameter of 44.7 mm, with an air gap of
0.45 mm separating it from the stator. This air gap is pivotal in balancing the magnetic performance and mechanical reliability;
it is sufficiently narrow to ensure robust magnetic coupling and high flux density for efficient torque generation, yet wide enough
to prevent mechanical contact and accommodate manufacturing tolerances. The rotor is fitted with surface-mounted permanent
magnets, each 7.5 mm thick, spanning a mechanical angle of 55°, and the shaft diameter measures 18 mm. Each phase winding
consists of 1,458 conductors, and the motor stack length is 38 mm.

2.2 Finite element analysis experimental setup

The electromagnetic characteristics of the SMPMM were simulated using QuickField software. A two-dimensional (2D)
magnetostatic FEA was utilized to determine the steady-state magnetic field distribution, flux linkage, and inductance, while a
time-stepping transient FEA was employed to model the rotor movement at 3000 RPM and to identify speed-related losses. The
analysis encompassed the entire cross-section of the stator, rotor, air gap, permanent magnets, and shaft, with meshing and
material properties.

Table 1: Geometric and material parameters of the SMPMM

Stator Data Rotor Data

Stator external diameter 125.0 mm Rotor external diameter 44,7 mm
Stator inner diameter 45.60 mm Shaft diameter 18.0 mm
Stack length 38.00 mm Permanent Magnet Data

Number of poles 2P=6 Permanent magnet thickness 7.5 mm
Number of slots 9 Mechanical permanent magnet angle 55 deg
Number of series conductors per phase 1458 Residual flux density 04T
Stator Slot Data

Width of the slot opening 3.55mm

Width of the stator tooth 7.50 mm

Height of slot opening 4.00 mm

Total height of the slot 22.0 mm
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Figure 1: Surface-mounted permanent magnet motor geometry

2.3 Material properties

The stator and rotor cores were designed using ferrite permanent magnets owing to their affordability and outstanding
thermal stability. To adequately simulate the magnetic characteristics, the B-H curves were included directly in the simulation,
allowing for the description of nonlinear magnetic permeability and saturation processes.

2.4 Meshing and discretization

Accurately quantifying electromagnetic characteristics under dynamic situations is a major challenge [24]. A significant
aspect of this method is that it requires splitting the motor geometry into a finite number of elements for the simulation. The
ability of triangular finite elements to provide high precision while maintaining sufficient computational accuracy leads to their
selection from several types of elements [24,25]. The QuickField software was used for automated meshing, which dynamically
modified the element sizes and node distributions according to the field gradients. The mesh refinement focused on regions
demonstrating high magnetic field changes, notably near the stator teeth, air gap, and magnetic contacts. Smaller elements were
automatically placed in regions where precision was crucial. The mesh convergence was verified, and attempts were made to
resolve any element intersection difficulties to ensure reliable simulation results. The SMPMM meshing process (illustrating
transition from the original unmeshed geometry) of the positive and negative coils A, B and C is shown in Figure 2, while the
fully meshed model of the stator, rotor, air gap, and shaft of the permanent magnets is shown in Figure 3. This illustrates the
conceptualized geometric model required for precise field analysis.

= P M | | FE—]
+A (Positive side of coil A) +B (Positive side of coil B) +C (Positive side of coil C)
-A (Negative side of coil A) -B (Negative side of coil B) -C (Negative side of coil C)

Figure 2: Geometrical model of positive and negative coils A, B, and C
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Air Stator Rotor

Permanent Magnets Shaft

Figure 3: Geometrical model of air, stator, rotor, permanent magnets, and shaft

2.5 Boundary conditions

The two-dimensional solution of Maxwell's equations was analyzed using Dirichlet and Neumann boundary conditions. The
magnetic vector potential equation offers a reliable method for illustrating the magnetic field distribution, as shown in Figure 4.

/ Dirichlet

Neumann

Figure 4: Dirichlet and neumann boundary conditions

Dirichlet boundary conditions were implemented on the outer surfaces of the simulation area to establish a constant magnetic
vector potential, effectively simulating ground magnetic field boundaries and confining the field within the computational region
[26]. Neumann boundary conditions were applied throughout the air gap to guarantee the natural continuity of the magnetic field
and to aid in analyzing variations in the magnetic scalar potential within the clearance [26].

2.6 Development of the model
Finite element analysis based on Maxwell’s equations was used to simulate the electromagnetic behaviour of the SMPMM.
The analysis applied magnetostatic equations to model steady-state magnetic fields, capturing the flux distribution, residual
magnetization, and nonlinear material properties. The magnetostatics equations are shown in Equations (1-9).
curlH =] Q)
divB =0 2

The relationship between the magnetic flux density B and the magnetic field intensity H is given by Equation (3):
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B = B, + uH ©))

where: B,,s = residual flux density; u=permeability of the magnet.
The permeability p is defined as u = u,.uo. Thus,the magnetic flux Equation (3) becomes:

B = Bres + UrioH 4)
where B, represents the residual flux-density vector of the permanent magnet.
Bres = (Bres Bres,y) )
As the divergence of a curl is always zero, Recall Equation (1) and (2)
div(curlB) = 0,and divB =0 (6)
It is possible to define a magnetic vector potential A so that,
B = curlA @)

Substituting equations (4), and (5) into the curl equation, we obtain:

B-B B B.
curlH = curl (ﬁ) = curl ( ) —curl (ﬁ)
Hrlo Hrio Hrio

which simplifies into:

_ 1 Bres\ _
curlH = curl p (CurlA) — curl (ur#o) =] (8)
where: B, is the residual flux density vector of the permanent magnet, and p,- and p, are the relative and absolute permeabilities,
respectively.

For a two-dimensional model in the (x, y) plane, both the magnetic vector potential A and current density J are assumed to
have z-axis components. Therefore, vector A is parallel to vector J. The vectors can be expressed as J = [0,0,/,], and A =
[0, 0, A],. Under this assumption, the magnetic field
is restricted to the xy plane, and the governing electromagnetic field equation derived from Maxwell’s equations simplifies
accordingly. Based on these conditions, the governing partial differential equation becomes:

=G+ 5 o) = k- (52) + 5 (552) ©

This equation defines how the motor meshing domain, incorporating material properties along with Dirichlet and Neumann
boundary conditions, influences the spatial distribution of the magnetic vector potential (A;) as a result of magnetization (Byes),
permeability («), and applied current (J;). These factors directly affect the flux linkage, torque production, and core saturation
in the SMPMM.

A time-stepping transient analysis was conducted to model current excitations ranging from 0 to 2 A. The simulation was
based on the actual motor geometry, which included the stator, rotor, shaft, and surface-mounted magnets. The finite element
mesh was designed using triangular elements with adaptive refinement applied to areas with significant field gradients. The
geometries that were meshed and those that were not are shown in Figures 5(a) and 5(b), respectively. Figure 5(b) further
demonstrates the distribution of the magnetic field intensity, emphasizing the regions with a high flux concentration.

(@) (b)
Figure 5: Unmeshed and meshed geometries of the SMPMM
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2.7 Flux linkage and inductance analysis

The flux linkage and inductance were determined by assessing the self-and mutual inductances inside the electromagnetic
field of the SMPMM. These characteristics were obtained based on the total magnetic flux passing through the conducting loop
within the meshed geometry of the motor. The finite element equation analyzes the influence of magnetic saturation and current
excitation on the inductance behaviour. The flux linkage in the coil is expressed by Equation 8 [27].

Ok = Lyg- iy + Xp My iy (8)

where ;L = Self-inductance of the coil k, Mk = Mutual inductance between coil n and k, in = Current in the coil n, ix= Current
in the coil k.
Additionally, the stored magnetic energy, which is a function of the current and inductance, is given by [28]:

W = 2 (K Liif + 25 Mycinisc) )
Inductance can be derived using Equation (10):
L= % (10)

where ¢ is the flux linkage and I is the current. Alternatively, the inductance can be determined from the stored magnetic energy
as shown in Equation (11):

_ 2w

L=%7 (11)

where W represents the stored magnetic energy, and i is the current in the system.

2.8 High-field nonlinear magnetic analysis

Most SMPMM studies restrict magnetic modeling to flux densities around 1.8 Tesla (T), which is the typical threshold for
core saturation in electrical steels. However, during transient overloads, fault conditions, or peak torque demands, localized flux
densities can surpass this limit. To fully capture the nonlinear behavior of the SMPMM, the B—H curve of M36 laminated steel
was extended to 2.75 T using high-field data from manufacturer datasheets. This extension enabled the finite element model to
accurately depict the sharp decline in magnetic permeability that occurs beyond 1.8 T. By incorporating these extended material
characteristics, the FEA simulations could assess the motor’s performance under both normal operating conditions and extreme
scenarios where deep saturation effects significantly impact magnetic coupling, torque production, and loss mechanisms.

3. Results and discussion

3.1 Magnetic field distribution of the stator, rotor, and permanent magnet

As shown in Figure 6, the magnetic field distribution was stimulated to a maximum current of 2A. The B-H curve of the
laminated steel used for the stator and rotor components demonstrated a nonlinear magnetic response across the applied field
range. Initially, the curve increased steeply from 1.3 Tesla (T) to 1.42T, signifying a region of high magnetic permeability where
the material is easily magnetized under low excitation. This high initial permeability is essential for electric motors, as it reduces
the magnetizing current and minimizes core losses, thereby enhancing the overall energy efficiency and facilitating strong
magnetic coupling between the stator and rotor. Beyond 1.42T, the curve begins to flatten as the magnetic field intensity increases
from 0 to 57,000 A/m, ultimately reaching saturation near 2.75T. This nonlinear behaviour indicates the onset of magnetic
saturation, where a further increase in the magnetic field strength yields only minimal changes in flux density. In this region, the
magnetic domains of the material are predominantly aligned, resulting in reduced effective permeability and diminished
responsiveness to the magnetising force, a phenomenon often referred to as magnetic rigidity. This behaviour is consistent with
the findings of Szab6 and Weber [29], who observed that laminated electrical steel is extensively utilised in motor applications
owing to its high initial permeability and low hysteresis losses, which significantly enhance the dynamic efficiency of the
SMPMM [30-32].

The B-H curve for the ferrite permanent magnet driving the rotor is shown in Figure 7. The chart demonstrates a relatively
linear relationship between the magnetic field strength and flux density, starting from 0 A/m and increasing to a peak flux density
of 0.44 T. The magnetic flux density reduces to approximately 0.03 T when the field intensity drops to —240,000 A/m. Unlike
laminated steels, ferrite magnets do not exhibit saturation areas. This linear trend is characteristic of materials with relatively
low magnetic permeability [32, 33]. The linear response of the ferrite magnet implies consistent performance across different
field intensities, making it suitable for applications in which soft magnetic behaviour is required [34-36].
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Figure 7: B-H curve of permanent magnet (ferrite)

3.2 Magnetic flux distribution in the SMPMM

The magnetic field distribution and flux density color map of the simulated ferrite-based SMPMM is shown in Figures 8(a)
and 8(b), respectively. These visualizations illustrate the electromagnetic properties of the motor during full-current excitation.
The line is the track of the magnetic field concentration around the magnets and stator, whereas the magnetic flux density (B)
within the SMPMM is represented by the color map in Figure 8b. Denser magnetic flux regions appear in red and yellow,
indicating that the magnetic field around the permanent magnets and stator teeth is high. The less dense magnetic flux region of
the SMPMM is the air gap, and some less magnetic areas appear in blue and purple. The high concentration of magnetic flux
lines near the rotor and stator indicates an effective magnetic circuit design. This region, showing an abnormally high magnetic

722



TA Ayorinde et al. Engineering and Technology Journal 43 (08) (2025) 716-728

flux density, may signify potential material saturation, hence the need for design optimization. The homogeneous distribution of
the flux in the stator indicates effective electromagnetic performance.

(a)Magnetic field distribution plot of the SMPMM (b) Flux density colour map of the SMPMM

Figure 8: Magnetic field distribution a) and flux density color map b) of the SMPMM

3.3 Magnetic flux density distribution in the air-gap of the SMPMM

Figure 9 illustrates the distribution of the magnetic flux within the SMPMM air gap, which is the radial clearance between
the rotor and stator. This graph shows how the magnetic flux density (B) fluctuates over the air gap as a function of rotor location.
The waveform reveals periodic peaks that correspond to fluctuations in the flux density during rotor rotation. These peaks
represent the alternating nature of the magnetic field created by the permanent magnets. The number of peaks detected in every
electrical cycle is correlated with the number of pole pairs in the magnet [37]. Thus, magnets with more pole pairs display a
higher number of flux-density oscillations within a given rotation. The peak amplitudes, generally ranging from 0.7 Tto 1.2 T,
indicate the greatest magnetic flux densities encountered in the air gap [38]. These numbers are crucial for analyzing the
electromagnetic performance of machines. A well-distributed air-gap flux density contributes to reduced torque ripple, minimal
core losses, and lower electromagnetic noise factors that directly impact the smoothness and efficiency of the motor.

Flux Density (T)
1.3

(@) 30 [SYe) 920 120 150 180
L (¢Zrmm)

Figure 9: Air gap magnetic flux density distribution on SMPMM
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3.4 Flux linkage

The flux linkage of the SMPMM was observed with a current loading from 0 A to a rated current of 2 A in phase A, as
shown in Figure 10. The results show a nonlinear increase in the flux linkage as the current increases from 0 to 2 A. The curve
initially appears linear at lower currents; however, as the current increases to 2 A, the flux linkage begins to bend and reaches
magnetic saturation. This magnetic saturation is due to reduced material permeability, which limits the flux linkage [39], and
responsible for the demagnetization of the SMPMM.

1.2
1 1.89
y—
0.8 1.88
g
< 0.6 £ 187 4 y—
g ES
5 04 g 1.86 - —
3 / 2
* 0.2 1.85 - -
0 - / 1.84
0 02 04 06 08 1 12 14 16 18 2 0.45 0.6 0.75
Current (A) Air-gap (mm)
Figure 10: Flux linkage versus current in Phase A Figure 11: Torque versus air-gap length bar chart

3.5 Torqgue interaction with the air-gap

The torque generated by the interaction between the permanent magnets of the rotor and stator currents is shown in Figure
11. This interaction is influenced by the air gap (clearance between the rotor and stator of the magnetic motor). The figure shows
that the torque values decreased from 1.8823 N.m at 0.45 mm to 1.8572 N.m at 0.75 mm. This indicates that a higher torque was
generated in the small air gaps owing to the strong magnetic coupling in the simulated magnet. These results agree with those of
Ebot and Fujimoto [40] and Zhou et al. [41], who showed that optimizing the air-gap dimensions, controlling currents, and
preventing magnetic saturation are essential for achieving efficient and reliable motor performance for the magnetic motor.

3.6 Self-inductance of the SMPMM

Figure 12 shows the relationship between the self-inductance (H) and current (1) in the simulated magnetic motor. At low
current excitation between 0.2 A and 0.6 A, the self-inductance of the magnet is relatively stable (0.8 H), showing that the
magnetic material is operating in its high-permeability area. However, when the current excitation increases above 0.6 A, the
inductance begins to drop, showing the onset of magnetic saturation in the core material. This pattern continued when the current
approached 1 A, with a considerable decline in the inductance. At a maximum excitation of 2 A, the self-inductance drops to 0.5
H. This decline demonstrates that increasing the current levels moves the magnetic core toward saturation, resulting in
lower permeability and energy storage capabilities. These findings emphasize the nonlinear electromagnetic behaviour of the
SMPMM.

0.9 === Mutual inductance in...
@~ Mutual inductance in...

0.8 - 0.06

0.7 005 @——e .

ok \_/—'\_/:\3—\_,\\!\.
£ os g o .—,
) 3 ® o
s 04 § 003 —_
g 03 3
2 E o
£ 0.2 E}
3 01 s ool

0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ 0 T T T T T T T T T

02 04 06 08 1 12 14 16 18 2 02 04 06 08 1 12 14 16 18 2
Current (A) Current (A)

Figure 12: Self-inductance versus current Figure 13: Mutual Inductance versus current

3.7 Mutual inductance of the SMPMM

Figure 13 illustrates the relationship between the mutual inductance (H) and current (A) in two coil pairs (A, B, and A, C)
of a surface-mounted permanent-magnet motor. At 0.2 A, the mutual inductance for coils A and B, and A and C, is 0.048 H and
0.049 H, respectively, which remains virtually constant up to 0.8 A. Beyond 1 A, mutual inductance begins to reduce, with a
notable drop at 1.2 A, when coils A and B fall to 0.038 H, while coils A and C are somewhat higher at 0.039 H. As the current
increases, the mutual inductance drops swiftly to 0.03 H at 2 A for both coil pairs. This pattern demonstrates magnetic saturation
effects, which lower the permeability and alter the flux linkage. The slightly larger mutual inductance in coils A and C compared
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to coils A and B implies changes in the magnetic interactions. This decrease in mutual inductance at higher currents influences
motor performance.

3.8 Motor speed and loss consideration

The operational speed of the SMPMM is a significant component in determining the loss performance, particularly under
high-frequency excitation situations. For this investigation, the motor was simulated at a nominal speed of 3000 RPM, which
indicates a normal industrial working point. At higher speeds, an increase in the magnetic field cycle rate increases the core and
eddy current losses, particularly in laminated materials with lower resistivity. Core loss analysis was introduced into the
simulation by linking the magnetic flux density fluctuation with frequency-dependent loss models. At increasing flux densities
and rotating speeds, eddy current losses increased nonlinearly because of the increased magnetic field gradients and lower
permeability under saturation. This demonstrates the importance of sophisticated loss modelling for properly estimating the
thermal and efficiency parameters under dynamic, high-speed operation.

4. Validation of FEA of the electromagnetic field

The electromagnetic field performance of the SMPMM was compared to the magnetic characterization of ferromagnetic
alloys for high-speed electric machines [23]. This research provides a dependable foundation for corroborating the fundamental
magnetic properties identified in the FEA of SMPMM using QuickField.

4.1 Magnetic field distribution at maximum current (2A)

The magnetic field distribution in the SMPMM at a current excitation of 2 A is consistent with the experimentally derived
B-H properties of the M36 laminated steel. Urabinahatti et al. [23] report that M36 shows a sharp initial rise in flux density,
signifying enhanced permeability, and eventually saturates beyond approximately 1.4 T at magnetic field intensities exceeding
20,000 A/m. This trend aligns with the modelling results shown in Figure 6, where the B-H curve levels off after 1.42 T,
signifying magnetic saturation. The simulated response demonstrates that laminated steel is appropriate for reducing hysteresis
losses and guaranteeing effective magnetisation, which are two qualities essential for SMPMM stator cores.

4.2 Magnetic properties of the ferrite permanent magnet

The B-H response of the ferrite permanent magnet used in the simulation shows that the magnetic flux density increased
linearly from 0 to 0.44 T as the magnetic field intensity increased. Although this trend does not directly validate the study, it
complements the findings on the low permeability of the materials. shows that the materials are perfect for predictable and stable
operation under dynamic field variations because they show linear and unsaturated B-H properties that characterise soft magnetic
behaviour [23].

4.3 Magnetic flux distribution and air gap analysis

The magnetic flux density distribution in the SMPMM showed a peak range of 0.7 T to 1.2 T within the air gap, which is in
line with the saturation levels observed in the laminated materials that were tested (such as M36 and 65C600) at frequencies up
to 500 Hz. The flux concentration close to the rotor and stator teeth in Figure 8 matches the colour maps of the flux density
shown in the study by Urabinahatti [23], where high saturation was observed along the edges of the laminated steel toroidal
cores. The non-uniform field in the air gap also supports the results of skin-effect-based flux redistribution at greater frequencies
based on finite elements, particularly for solid cores and EN8.

4.4 Flux linkage and magnetic saturation

The nonlinear flux linkage in the SMPMM increased as the current increased from 0 A to 2 A, which is consistent with the
B-H loops of the laminated cores, as shown in Figure 10. The empirical model shows that loop distortion and saturation behaviour
were visible above 1 T for M36 and 65C600, with flux linkage characteristic bending under high excitation owing to diminishing
permeability. This verifies the simulation conclusion that magnetic saturation becomes evident near the rated current values,
thereby influencing flux-linkage nonlinearity.

4.5 Torqgue interaction with air gap

Magnetic flux concentration around the stator and rotor teeth is experimentally validated, supporting the reported torque
drop with increasing air-gap clearance from 1.8823 N.m at 0.45 mm to 1.8572 N.m at 0.75 mm (See Figure 11). The experimental
flux maps showed similar high-density zones next to the magnetic poles, indicating effective coupling in minimal air-gap
arrangements. This validates the basis for the increased torque generation at smaller air gaps in the FEA of the simulated
SMPMM.

4.6 Self-inductance and mutual inductance

The simulated self-inductance exhibits a stable response at low currents, declining from 0.8 H to approximately 0.5 H as the
current increases to 2 A. The reduced permeability and magnetic saturation are consistent with the empirical simulation findings
of U. The declining mutual inductance with increasing current, from 0.049 H to 0.03 H, is consistent with the reduction in the
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induced saturation in effective magnetic coupling, as observed experimentally in solid cores such as EN8 and hardened EN353,
where saturation significantly distorted the B-H loops and reduced magnetic responsiveness.

5. Conclusion

This paper presented a finite element analysis of the electromagnetic field of an SMPMM using QuickField software,
evaluating the nonlinear magnetic saturation, dynamic current excitation, and speed-dependent electromagnetic losses. The
simulation utilized laminated steels for the stator and rotor cores and ferrite magnets as the permanent magnetic material at an
operational speed of 3000 RPM. Under rated current excitation, the study highlights key electromagnetic performance metrics,
such as magnetic field distribution, flux linkage, torque interaction with the air gap, self-inductance, and mutual inductance.

Field plots revealed high flux concentrations around the stator teeth and magnets, suggesting effective magnetic circuit
design but also identifying regions prone to localized saturation. The simulated air-gap flux density ranged from 0.7 Tto 1.2 T,
aligning with pole-pair geometry and essential for controlling torque ripple and minimizing core losses. Flux linkage increased
from 0.02 Wb to 0.065 Wh with current, while transient simulations showed peak torque of 1.8823 N.m at a 0.45 mm air gap,
slightly decreasing to 1.8572 N.m at 0.75 mm. Self-inductance dropped from 0.8 H to 0.5 H, and mutual inductance declined
from 0.049 H to 0.03 H, reflecting reduced magnetic coupling under saturation. These results, validated against experimental
data from literature, confirm the model's accuracy and underscore the importance of incorporating both nonlinear magnetic
characteristics and speed-dependent loss mechanisms in SMPMM design. The dual FEA approach offers a more comprehensive
understanding of steady-state and dynamic behavior, facilitating the development of high-efficiency, high-reliability motors for
demanding industrial, automotive, and renewable energy applications.
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