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Permanent magnet synchronous motors (PMSMs) are widely used in the fields of electric
vehicles (EVs) industry due to their remarkable power density, lightweight design,
remarkable efficiency, and low torque inertia. Surface-mounted PMSM (SPMSM) and
inset PMSM are the two types of PMSMs that can be distinguished by the location of the
permanent magnet (PM) in the rotor. This paper presents an association of the analytical
model and finite element method (FEM) for evaluative electromagnetic parameters for the
SPMSM and inset PMSM. The approach is here performed in two steps: First, an analytical
model is presented for both motors to determine initial parameters, including stator
dimensions, rotor dimensions, and PM properties. And then, the FEM is proposed to
evaluate performance characteristics of the two proposed motors, such as magnetic fields,
torque ripple, cogging torque, electromagnetic torque and back electromotive force. The
simulation results highlight the performance differences between the two motor types.

1. INTRODUCTION

Permanent magnet synchronous motors (PMSMs),
particularly surface-mounted (SPMSMs), are widely used in
the fields of electric vehicles (EVs) industry due to
advancements in industrialization and technology [1, 2]. In the
study [3], the study highlighted the benefits of outer rotor
PMSMs through two approaches: comparing torque
capabilities of two hypothetical permanent magnet (PM)
configurations based on their geometric volumes and
evaluating their performance. In the study [4], the torque
characteristics of proposed geometries were analyzed via the
finite element method (FEM) with a nonlinear model. In the
studies [5-7], the papers also conducted comprehensive
analyses of interior PMSMs (IPMSMs) and SPMSMs with
various slot and pole configurations. These studies utilized
quantitative models to compare back electromotive force
(EMF), torque ripple, cogging torque, total harmonic
distortions (THDs), and loss characteristics. An optimized
design for IPMSMs was developed to define key dimensions,
followed by the FEM simulations to reduce cogging torque
and enhance efficiency [8]. The FEM was proposed for
SPMSMs with inner and outer rotor configurations to compare
the flux density of the PM [9]. It found that while outer rotor
designs produced significantly higher torque, they also
exhibited higher cogging torque. Feng et al. [10] reviewed the
use of SPMSMs in diverse applications such as electric drives,
marine propulsion, lifting systems, and mining due to their
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compact size, high torque at low speeds, efficiency, and
superior performance, especially with rare-earth magnet
developments. In the study [11], the SPMSMs were further
classified into inner and outer rotor types based on rotor
positioning. In the study [12], the separate models of IPMSMs
with different multilayer PM configurations were analyzed,
revealing enhanced performance with double-layer PMs. Du
et al. [13] focused on analysing the cogging torque distribution
in PM machines via the slot and pole combinations. In the
studies [14, 15], comprehensive assessments of the SPMSMs
and IPMSMs from a multi-physics perspective were presented
to study the optimized design for the practical machine with
the output power of 60 kW and speed of 30,000 rpm.
Arehpanahi and Kheiry [16] evaluated the suitability of
SPMSMs and IPMSMs for high-speed applications by
comparing  their  electromagnetic  properties  and
demagnetization behaviors using the FEM. The conclusion
was that although IPMSMs provide better cost-effectiveness
and torque per permanent magnet weight, their rotor structures
are less durable and more susceptible to irreversible
demagnetization. Finally, Xuan [17] also used the FEM to
compare four distinct rotor structures of PMSMs with the
high-speed. This study evaluated the stress levels, temperature
rise and sleeve thickness under various conditions.

Although there have been numerous studies on SPMSMs as
mentioned above, but the combination of analytical and
numerical methods to analyze and evaluate the two types of
SPMSMs and inset SPMSMs with inner rotor configuration
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has not been addressed in previous research. In this
contribution, comparative electromagnetic parameters of the
SPMSM and inset PMSM are proposed via the association
between the analytical model and FEM. The approach is here
presented in two steps: An analytical model is first presented
to design initial dimensions of both motors (including stator
dimensions, rotor dimensions, and PM properties. Next, the
FEM is conducted to evaluate and simulate electromagnetic
parameters of the practical motors, such as magnetic fields,
torque ripple, cogging torque, electromagnetic torque, and
back electromotive force (EMF). The simulation results will
show the highlight of advantages and disadvantages of two
motor types.

2. ANALYTICAL COMPUTATION

This part highlights magnetic and electric properties that
influence the sizing and selection of key parameters in the
machine's design. A theoretical framework is employed to
develop an analytical model that defines the machine's
dimensions. One critical parameter in designing the PMSM is
the fundamental flux density in the air gap (B5). This parameter
directly determines the size of the PM in the PMSM, including
its thickness (/) and coverage angle (2a)). Assuming the flux
density distribution over the magnets (B,) is rectangular, as
illustrated in the study [18], and neglecting flux leakage, the
expression for B; is derived as follows:

(1

4
Bs = —B,, .sina
S5 - m,r

where, a is defined in electrical degrees. The flux density
above the magnets (B,,) can be defined via the remanence flux
of PM (B,,) as follows [19]:

Br,m = Pr,o- [1 - Tk- (Tr - To)]-

g 2
1+ prm R
where, J, represents the equivalent air gap length, i, is the
relative permeability of the PM, B,, is the PM remanent
density at the ambient temperature (7,=20°C), T, is the PM
working temperature (7,=30°C) [19], T is the temperature
coefficient of PM [1/°C] (Tx =0,001) [19] and h,, is the
thickness of the PM.
By taking into account Egs. (1) and (2), one gets:
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In general, the J, for the PMSM machines is selected from
I mm to 3 mm. The selection of J, depends on various
characteristics influenced by the air gap length (g) [18, 19].
The inner diameter of the stator (D) is defined as:

V. x4

1
3
Di.=|—
' (T[ X kshape)

where, Kshape iS the shape factor that can be selected from 2 to
3 [18], and V; is the volume of the rotor determined via the
electromagnetic torque (T) and the torque density (TRV) [18].

(4)
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From the Egs. (3) and (4), the PM width (w,,) is defined as
[20]:

_ 2a.m(Dis — 29 — 2hy,)
Wm = 180.p

)

From the Eq. (2) to Eq. (5), the PM magnetic flux (¢.)
can be determined as:

Gm = B L.wy, (6a)
D:
L= is (6b)
kshape

The distribution of fringing and leakage fluxes is assumed
as in Figure 1 [20].
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Figure 1. Flux lines of magnetic field through the stator and
rotor [20]

Based on the Eq. (6a), the ¢, can be rewritten as:

q

By ¢tooth

b = 2¢sy = 2¢ry = 2p

(7)
where, sy, ¢ry, and P,o0en are respectively the stator, rotor
and tooth fluxes.

The height of stator yoke (%4,) and rotor yoke (%,,) are then
defined as [20]:

—
< " 2.Bg,. L.k’

bm

h h, =—2m
™ " 2.B,,.L.k;
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where, £; is the pressed factor of the stator (k=0,96 defined in
[20]), L is the length of stator. The tooth width is determined
as [18-20]:

_ ¢tooth

W, =
© 7 B..L.k;

©)
The turn number (V) on each tooth can be computed via the

expression:

11U,
N =
2V2.f.q.ky. By pi-Dis. L

(10)



where, U, is the phase voltage, f is the frequency, ¢ is the slot
number per phase per pole, k. is the concentrated winding
factor defined in the study [20], and Bgpx is maximum flux
density.

Finally, the stator slot open (b,) is defined as [21]:

where, A0 i the slot area defined via the winding cross-
section in each slot, b, is the bottom width of stator slot and
Q is the slot number.
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3. FINITE ELEMENT ANALYSIS

The Maxwell’s equations in the frequency domain are
written as [21-24]:

curl H =J; (12)
curlE = —jw B (13)
divB =0 (14)

where, H, Js, E, and B are the local magnetic field intensity
(A/m), electric current density (A/m?), electric field (V/m) and
local magnetic flux density (T).

The set of Maxwell’s equations from Eqgs. (10) to (12) is
solved with the association of the boundary conditions and
behavior laws, i.e.,

n X H|gq = 0,B=uH, | = oE (15)
where, u is the permitability (H/m), o is the electrical
conductivity (S/m) and J is the eddy current (A/mm?).

Based on the set of equations, from Egs. (10) to (12), the A-
conformal weak formulation can be written as:

(u~tcurl A - curlA)g+(oA - Ag tjw(ograde -
A’)Qc + (T’l X H - A’)Fh = (]S . A’)QS’A, € (16)
Hy (curl; Q)
where, Q. and £ are, respectively, the conducting and
inductor domains, Q is the studied domain (with 0Q =T =T
U Te) and A’ is the test function. It should be noted that the
fields of H, B, E, and J belong to the function space
HY (curl; Q).
By solving the weak form of Eq. (16), the back EMF can be
defined via the post-processing, i.e., [18]:

Qf'[AdQJ“ —JIAdQ‘

where, L and S are the length and cross-section area of the
conductor.

E = 9 1
=55 (17)

4. SIMULATION TEST

In the first step, the practical SPMSM and inset PMSM of
7.5kW are considered. The initial parameters of two these
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machines are given in Table 1. The analytical results of the
two proposed machines are presented in Table 2.

Table 1. Initial parameters of two proposed motors

Parameters SPMSM Inset PMSM
Rated power (kW) 75 7.5
Rated voltage (V) 500 500

Frequency (Hz) 50 50
Efficiency (%) 93 93
Power factor 0.9 0.9
Phase number 3 3

Pole numbers 8 8

Table 2. Analytical results

Main Dimensions SPMSM Inset PMSM
Outer stator diameter (Dos) 22442 22442
(mm)
Outer rotor diameter (Dor) 143.6 145.6
(mm)
Inner stator diameter (Dis) 151.6 151.6
(mm)
Rotor length (L) (mm) 151.6 151.6
Shaft rotor diameter (mm) 118 120
Stator slot (Q) 12 12
PM thickness (dn) (mm) 3 3
Air gap thickness (g) (mm) 1 1

In the next step, the given analytical results are validated by
using the FEM to determine the magnetic field density,
cogging torque, torque ripple, back EMF, electromagnetic
torque, harmonic components, flux linkage and temperature
rise. The 2D geometry of the SPMSM and inset PMSM is
depicted in Figure 2, while the flux density distributions for
both motor types are pointed out in Figure 3. For the SPMSM,
the maximum flux density is observed to be 2.120 T, compared
to 2.097 T for the inset PMSM. This means that the flux
density in the teeth of the inset PMSM is slightly smaller than
that of the SPMSM.

Figure 4 highlights the back EMF of both motors, revealing
smooth and sinusoidal waveforms. Minimal higher harmonic
components, specifically the 11" and 13", are present, as
shown in Figure 5.

Figure 2. Modelling of SPMSM (top) and inset PM (bottom)



Figure 3. Flux density distribution of SPMSM (left) and inset PMSM (right)

The electromagnetic torque for the SPMSM and inset
PMSM is illustrated in Figure 6. The SPMSM produces an
average torque of 96.753 Nm, while the inset PMSM generates
an average torque of 96.352 Nm. However, the inset PMSM
demonstrates a slightly higher torque than the SPMSM, which
is attributed to its larger rotor size. Figure 7 presents the
cogging torque distributions. The SPMSM exhibits an average
cogging torque of 19.703 Nm, which is 3.547 Nm lower than
that of the inset PMSM. This reduction in cogging torque is
due to the smaller teeth of the SPMSM. Consequently, the
SPMSM is expected to offer better stability compared to the
inset PMSM.

The torque ripple of the SPMSM and inset PMSM is shown
in Figure 8. The torque ripple of the inset PMSM is smaller
than that of the SPMSM.
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Figure 4. Back EMF distribution of SPMSM and inset
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Figure 5. Harmonic components (THD) of Back EMF of two
motors
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Figure 6. Electromagnetic torque of SPMSM and inset
PMSM
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Figure 7. Cogging torque of SPMSM and inset PMSM
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Figure 8. Torque ripple distribution of two proposed
machines

The comparison of the flux linkages of the two proposed
motors is pointed out in Figure 9. It can be seen that the
waveforms and mean values for the inset PMSM are slightly
greater than those of the SPMSM. Table 3 summarizes the key



parameters of the SPMSM and inset PMSM. Notably, the
efficiency of the SPMSM is higher, at 93.95%, compared to
93.55% for the inset PMSM, with THD <3.5% for both cases.
Based on the obtained results, it is important to emphasize the
real-world consequences, especially in motor selection for
different applications. When selecting between SPMSM and
Inset PMSM, even small differences in efficiency could
influence the choice in energy-sensitive applications, like
electric vehicles, where maximizing range is crucial.
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Figure 9. Flux linkage of SPMSM and inset PMSM

Table 3. Simulated results

Parameters SPMSM Inset PMSM  Unit
Efficiency 93.949 93.554 %
Output torque ~ 96.753 96.352 Nm
Torque ripple ~ 8.9508 30.022 %

Power factor  0.93587 0.84755
Output Power 7599 7567.4 W
Total Losses 489.45 521.4 w

This indicates that the inset PMSM faces greater challenges
in heat dissipation due to the placement of its permanent
magnets. Additionally, the SPMSM has a larger rotor
compared to the inset PMSM, which slightly increases its
mean torque. The thermal performance of the inset PMSM is
analyzed in Figure 10, where the temperature distribution is
depicted using various colors. Figure 11 and Table 4 provide
the temperature rise data at different positions for both the
SPMSM and inset PMSM. The results indicate that the inset
PMSM experiences higher temperatures than the SPMSM at
all measured positions. For instance, the temperature at the
stator slot of the SPMSM is approximately 0.5°C lower than
that of the inset PMSM, and the temperature at the PM is 0.1°C
lower.
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Figure 11. Temperature rise of inset SPMSM (left) and SPMSM (right)

This suggests that heat loss in the PMs of the inset PMSM
is greater than in the SPMSM. The increased heat loss in the
inset PMSM is attributed to the positioning of its PMs, which
are embedded within the rotor. This design makes it more
difficult to dissipate heat effectively, presenting a significant
challenge for this type of machine.

Table 4. Temperature rise

Position SPMSM (°C) Inset PMSM (°C)

Shaft 69.9 69.8

Teeth 70.5 70.4

Slot 78.3 78.5

Rotor yoke 70 69.9
Stator yoke 69.2 69.2
PM 70 69.9

5. CONCLUSIONS

The paper has proposed the analytical model and FEM to
evaluate two types of practical motors (SPMSM and inset
PMSM) with a power rating of 7.5 kW. The obtained results
from the proposed methods have analysed and compared the
electromagnetic parameters of each motor, such as the
magnetic flux density, cogging torque, torque ripple, flux
linkage, electromagnetic torque, back EMF, and temperature
rise. Based on the achieved results, the findings offer valuable
insights into the strong and weak points of each motor type,
aiding researchers and designers in selecting appropriate
configurations, torque density, and efficiency for electric
drives and industrial applications, and their impact on overall
vehicle performance as well. Furthermore, this study lays the
groundwork for future research to improve the
electromagnetic parameters of these motors via the
optimization techniques, including genetic algorithms, swarm
optimization, and other advanced methods.
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