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In this research, the authors present a study analysis and compares two types
of embedded internal permanent magnet synchronous motors (IPMSM) with
U-type and V-type magnet configurations using finite element method
(FEM) modeling to apply these motors to the currently popular electric
vehicle industry. Parameters such as magnetic flux density, torque, cogging
torque, back electromotive force (back-EMF), torque oscillation, and
harmonic components were analyzed and compared; thereby identifying the
advantages and disadvantages of the two IPMSM structures. Specifically,
the V-type IPMSM motor offers higher efficiency, more stable torque, and a
higher quality back electromotive force waveform with lower losses, making
it suitable for high-performance applications such as electric vehicles and
industrial automation. Meanwhile, the U-type structure has lower cogging
torque, suitable for low-speed applications or those requiring high precision.

Finite element method
Permanent magnet synchronous
motors

Simulation results from the ANSYS Maxwell software show that the
IPMSM motor is energy-efficient, has high power density, and operates
smoothly, allowing for rapid acceleration, long range, compact
configuration, and low maintenance; it uses permanent magnets on the rotor
to eliminate losses, making electric vehicles lighter and more efficient than
traditional motors.
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1. INTRODUCTION

Nowadays, the climate change and environmental pollution are pressing global issues, primarily due
to the depletion of fossil fuel resources (coal, oil, and natural gas). This is one of the main causes of
pollution, especially in urban areas, due to the emission of carbon dioxide (CO,), nitrogen oxides (NOx), and
other pollutants during the combustion of fossil fuels in internal combustion engines. Therefore, electric and
hybrid vehicles have become crucial solutions to reduce the environmental impact of transportation. In
electric vehicles (EVs), the internal permanent magnet synchronous motor (IPMSM) is the "heart" of the
powertrain. The choice of U-shaped or V-shaped rotor structure is not simply a matter of form and size but is
also a strategy for current electric vehicle control engineering to optimize performance, torque and
high-speed performance during operation [1]-[5].

Among the various types of motors, embedded IPMSM are increasingly popular in electric vehicle
and industrial applications due to their high efficiency and high torque [1], [2]. The performance of this type
of motor is influenced by many factors, including the magnet configuration [3], [4]. Many studies have
focused on optimizing IPMSM and many magnet configurations have been designed and analyzed. In the
document [5], V-shaped, double V-shaped and U-shaped magnet configurations were designed for

Journal homepage: http://ijece.iaescore.com


https://creativecommons.org/licenses/by-sa/4.0/

1108 3 ISSN: 2088-8708

applications requiring high speed. The results show that the V-shaped magnet configuration has the high
performance but lower angular speed due to the high no-load voltage [6]-[9]. The double V-shaped
configuration has high losses but a larger angular speed [10]-[12]. The U-shaped configuration has
performance between the two types of motors above [13]-[16]. Five permanent magnet (PM) synchronous
motor rotor configurations for hybrid buses were designed and compared in the literature [6], including a
surface-mounted magnet configuration and four internal-mounted magnet configurations (conventional
configuration, fragmented configuration, V-shaped configuration, and double V-shaped configuration) [14],
[17]-[22]. The results showed that the PM motor with the fragmented rotor configuration had a wider power-
speed constant amplitude than the conventional PM motor. The W-shaped PM motor had high efficiency and
a wide speed amplitude. High-quality control is suitable for applications in controlling various types of
electric vehicles, resulting in high efficiency and energy savings, this provides high-quality control suitable
for application in controlling various types of electric vehicles currently available, aiming to save energy
[23]-[26].

As analyzed above, several studies have compared different magnet configurations of IPMSM
motors. However, none have focused on the two types of IPM configurations with U-type and V-type
magnets. Furthermore, these studies mainly focused on simulating motors using the finite element analysis
(FEM) to obtain results. These studies have not yet presented detailed analytical calculations of
electromagnetic parameters and have not provided simulation models of the motors. The novelty of this study
lies in providing a detailed analytical model to determine the parameters of IPMSM motors with U-type and
V-type magnet configurations. Subsequently, the FEM is used to calculate, simulate, and compare the
performance of the two IPMSM configurations, such as magnetic flux density, output torque, back
electromotive force, and temperature.

2. THE ANALYTICAL STUDY OF DESIGN DATA
This section presents the electrical and magnetic characteristics that influence the sizing and
selection of key design parameters. The stator inner diameter (D;;) is determined as (1):

Dys = /(4V, /mks) )

In which, k, is the shape factor which can be selected in the range of 2 to 3, 1} is the rotor volume
determined by the ratio between electromagnetic torque (T) and torque density (TRV), [7]. Then the outer
diameter of the rotor (D,,) is determined:

Dy = Dis — 29 (@)

where g is the length of the air gap (g =1). The cross-sectional area of the air gap (4g) is determined through
the inner diameter of the stator (D;s) and the outer diameter of the rotor (D,) using the formula:

_ (((Dor—Dis)/2)L
e )

In this formula, L is the machine length, determined by the shape factor (k) and the stator inner diameter
(Dis), and 2p is the number of pole pairs. The magnetic flux of the magnet (¢,,) is determined as (4):

Om .107¢ “)

_ (Bg-Ag)
-2

In this formula, B, is the air gap magnetic flux density (Bg=0.9 is chosen). The magnet length (W) is
determined as (5):

Wy = 2 (5)

In this formula, B, is the magnetic flux density of the magnet (B,=0.87 T). The magnet thickness (d») is
determined as (6):

B )
d, = ( g/l;o)geff (6)
m
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In which, g.¢f is the air gap length (g.sf = g), W is the magnetic permeability (p, = (41m)/1077), H,, is the
current intensity of the magnet. Based on formula (4), ¢,, can be calculated:

2 ¢, ()

¢m = 2¢sy = 2¢ry = 2p

In this formula, ¢g,, ¢y, and ¢, are the magnetic fluxes across the stator yoke, rotor yoke, and teeth,
respectively. From this, the height of the stator yoke (hg,) and the height of the rotor yoke (h,,) are
calculated as (8):

—_%m __%m
hsy = 2Bgy.L.k; and hyy = 2Byy.Lk; ®)

In which, 4; is the compression coefficient (k£=0.96 is determined in [8], L is the stator length. The cogging
width is determined as follows [7], [8]:

w, = 2 ©)

= Bg.L.kj
The number of turns per coil is determined as (10):

- V2ky 2 fBgL.1076.(Di5)/(2)

N

(10)

In which, U, is the phase voltage, f'is the frequency, ¢ is the number of slots under one phase on one pole, &,
is the concentrated winding coefficient [8]. The small diameter of the groove (1) and the large diameter of
the groove (b») are determined as (11):

T.(Dis+2(hso+hw))

b1: 0

A (11

In this formula, Ay, is the cogging height (4,,=1) and h,, is the wedge height (4,=2).

b, = \/4(Aslot - Aw)- tan(m/Q) + b12 (12)

where A, is the slot cross-section, 4., is the wedge cross-section, and Q is the number of slots. The stator
slot length (/) and stator outer diameter (D,;) are determined as (13) and (14):

hy = 2(Asior — Aw)/(by + by) (13)
D,s = D;s + Z(hsy + h,, + hy) (14)

After the analytical model was developed, a 5.5 kW IPMSM motor with both U-type and V-type magnet
configurations was constructed. Table 1 lists the required parameters of the two motors. The authors
proceeded to construct and compile the following parameter tables.

Table 1 lists the required parameters for the two motors. Table 2 presents the analytical calculation
results of the two IPMSM configurations. The authors will prove these results using the FEM in the
following section.

Table 1. The design parameters require IPMSM type V and IPMSM type U

Symbol Parameter IPMSM type V. IPMSM type U Unit
ny Rotation speed norm 6000 6000 Rpm
Prated Rated power 5.5 5.5 kW
Usted Rated voltage 380 380 \%
n Efficiency 91 91 %
f Frequency 50 50 Hz
cosQ Power factor 0.9 0.9 -
2p The number of poles 10 10 -
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Table 2. Main design dimensions of the IPMSM engine

Symbol Parameter Value  Unit
Dy Stator outer diameter 219.96 mm
D; Stator inner diameter  147.12 mm
D,, Rotor outer diameter  145.12 mm
Dy, Rotor shaft diameter  102.52 mm
droto Rotor length 147.12 mm
n,. Stator slot number 12 -
dyir Air gap length 1 mm
D, Magnet thickness 3.7 mm

3. METHODS FOR ANALYZING AND CALCULATING FINITE ELEMENTS

The previous section defined the main dimensions and parameters using an analytical model. This
section will present the FEM. In the Euclidean space R3, the set of Maxwell equations is expressed as
follows [9], [10]:

VXH=J; VXE=—]JwB; V.B=0 (15)
In which, J; is the current density (A/m2), H is the magnetic field (A/m), E is the electric field (V/m) and B is

the magnetic flux density (T). Formula (15) is solved by the constituent laws and boundary conditions in (16)
and (17) as follows [10]:

B =uH,]=0E (16)
nx Hlp, =0,n.B|p, =0 (17)

In which, #n is the unit normal vector directed from inside to outside the Q region (with 2 = 2, U 2¢ J being
the current density (A/m2), pu being the permeability, ¢ being the conductivity (S/m). Field B in (15) is
derived from vector 4 in (18).

B=VxA (18)
Combining (15) and (18), the field £ is determined through the scalar potential ¢ in (19):
E=-0,A-V.¢p (19)

The electromagnetic field equation written in the Q domain (IPMSM machine domain) is expressed as [10],
[14]-[17]. Based on (15) — (19):

VxE(VXA—B)]+06tA=]S—GV.<p (20)
The magnetic flux linkage (¢) is defined as follows:

¢ = (Il AdQ - [f,- AdQ) @1

In which S is the cross-sectional area of the conductor length (L). From there, we have determined the back
electromotive force by using the magnetic flux linkage (¢) in (21).

4. THE STUDY SIMULATION AND ANALYSIS OF RESULT

Based on the required dimensions from the analytical model in Table 2, the finite element method
(FEM) was applied to calculate and simulate the magnetic flux density, torque, cogging torque, back
electromotive force, harmonic components, and magnetic flux of the two IPM configurations. Figure 1 and
Figure 2 show the 2D models of IPMs with V-shaped and U-shaped magnet configurations. Specifically,
Figure 1(a) illustrates the V-type rotor structure, while Figure 1(b) displays its corresponding stator structure.
Similarly, Figure 2(a) depicts the U-type rotor structure, and Figure 2(b) shows its respective stator structure.
The magnetic flux density distribution of the two IPM configurations is shown in Figures 3. In detail,
Figure 3(a) presents the magnetic flux distribution for the V-type magnet IPMSM, whereas Figure 3(b)
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demonstrates the distribution for the U-type magnet IPMSM. The maximum magnetic flux density of the
V-shaped configuration is 2.399 T, while that of the U-shaped configuration is 2.11 T.

Figure 1. The model 2D of a V-type magnetic IPMSM (a) V-type rotor structure and
(b) V-type stator structure

Figure 2. The model 2D of U-type magnetic IPMPSM (a) U-type rotor structure and
(b) U-type stator structure

(b)

Figure 3. Magnetic flux distribution of two IPMSP configurations (a) V-type magnet IPMSM and
(b) U-type magnet IPMSM motor

The main reason for this is the geometric structure of the magnets and magnetic field lines. The
V-shaped magnet directs the two branches of the magnet towards the air gap, creating sharp angles at the
pole edges, causing the magnetic field lines to converge strongly at very small points at the rotor pole edges,
creating a large maximum magnetic flux, which easily causes local saturation. At the same time, the path of
the magnetic flux is short, so the magnetic field distribution is concentrated and less leaky. Conversely, the
U-shaped magnet disperses the magnetic field lines over a wider area due to the larger pole angle, thus
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resulting in a lower maximum magnetic flux density. However, this distribution makes the magnetic field
lines less concentrated and more evenly distributed.

The simulation results in Figure 4 present the torque of the two motor configurations. The average
torque value of the V-type IPM configuration is 87.721 Nm, slightly higher than the U-type configuration at
87.658 Nm. However, the oscillation characteristics of the two configurations differ. In the V-type
configuration, the torque is stable and oscillates less, depends on the concentrated magnetic flux distribution
in the air gap. This reduces the variation with the rotor position, resulting in smoother torque. Conversely, in
the U-type configuration, the torque exhibits more pronounced oscillations. This is due to the magnetic flux
distribution and leakage branches inside the rotor, causing the torque to be affected by flux ripples. Figure 5
shows the cogging torque of the two IPM configurations. The simulation results show a clear difference
between the two configurations. In V-type IPMs, the torque range is quite large, fluctuating between -2.8 Nm
and 2 Nm, compared to U-types which range from -1.3 to 1.6 Nm. This means that U-types operate more
smoothly at low speeds. The main reason is that the V-shaped magnet structure creates localized areas of

magnetic concentration at the pole edges, causing the magnetic attraction force to change significantly when
interacting with the stator teeth.
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Figure 4. Torque of U-type and V-type magnetic IPM
s | | ~IPM Type U
4 ==IPM Typa V
3 - -

2 |

Cogging Torgue {MN.m)

-5 ! |
4] 2 4 6 8 10
Paosition (MDeg)

Figure 5. IPM cogging torque of U-type and V-type magnets
Figure 6 illustrates the back electromotive force of U-type and V-type IPMs. The results show that

both IPM configurations produce near-sinusoidal waveforms, although there are slight differences. The peak
amplitude of the V-type is slightly higher than that of the U-type, indicating better flux utilization.
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Furthermore, the waveform of the V-type magnet is more uniform and less distorted, while the U-type
exhibits slight distortion at extreme points. This means that the V-type IPM has higher quality back
electromotive force, helping the motor achieve better electromechanical conversion efficiency and limiting
losses due to voltage waveform distortion. Figure 7 shows that the harmonic spectra of both IPM
configurations have a dominant fundamental component. However, the V-type IPM exhibits lower-order
harmonics (especially the 5th and 7th orders) with larger amplitudes compared to the U-type. Conversely, in
the U-type, higher-order harmonics (such as the 11th and 13th orders) are slightly more prominent. This
indicates that the V-type IPM still exhibits distortion at low harmonics, while the U-type configuration tends
to have distortion at high harmonics.
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Figure 6. Back electromotive force (EMF) of U-type and V-type magnetic IPM

; 500 ] ] ] ] ] -lPM Type U
L 450 HIPM Type V
2

L 400 4

350 q

U 1 1 = 1 | - -
1 2 3 4 5 6 T 8 9 10 1M 12 13 14 15
Harmonic order

Figure 7. Harmonic waves of U-type and V-type magnet [PM

Figure 8 shows the torque oscillation of the two motor configurations. The V-type IPM has a
narrower oscillation range, from -1.3 Nm to 1.6 Nm, while the U-type has a wider oscillation range, from
-4 to 2.2 Nm. This indicates that the V-type magnet configuration is more optimal in terms of torque
oscillation, suitable for applications requiring consistent torque with minimal vibration, while the U-type
configuration may cause vibration and noise when the load changes. Figure 9 shows the flux linkage of the
two motors. Both the U-type and V-type magnet configurations produce near-sinusoidal waveforms, but the
maximum amplitude of the U-type is slightly larger, demonstrating stronger flux linkage with the stator
windings.
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The performance characteristics of V- and U-shaped magnet configuration IPMs are presented in
Table 3. The V-type IPM motor has an efficiency of 93.567%, higher than the U-type IPM with a value of
91.887%. The total losses of the V-type IPM are 378.94 W, significantly lower than the U-type
configuration's 482.26 W. This difference is mainly due to the more concentrated magnetic flux distribution
in the V-type magnet configuration, which allows for better utilization of magnetic field energy. Conversely,
in the U-type, the magnetic flux is more evenly distributed but has more leakage and distorted harmonics,

leading to greater losses and lower efficiency.
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Figure 8. Torque oscillations of U-type and V-type magnetic [IPM
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Table 3. Results of the finite element analysis method

Symbol Simulation results IPMSM type V. IPMSM type U  Unit
n Efficiency 93.567 91.887 %
T Torque 87.721 87.658 Nm
Ta Disturbance moment 2.4236 5.8529 %
cosp Power factor 0.89179 0.80266 -
Pou Output Power 5511.7 5507.7 w
P, Total Losses (on load) 378.94 486.26 W
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5.  CONCLUSION

This study combines analytical modeling and finite element methods to investigate IPM motors with
U-type and V-type magnet configurations. Characteristic electromagnetic parameters such as magnetic flux
density, torque, back electromotive force, cogging torque, torque oscillation, flux linkage, and harmonic
components were analyzed in detail. The results show that both magnet configurations have their own
advantages and disadvantages. Specifically, the V-type magnet IPM exhibits higher efficiency, lower total
losses, and smaller torque oscillations. Furthermore, the back electromotive force waveform of this
configuration is smoother and less distorted, contributing to increased operational stability, making it suitable
for applications requiring high performance and stability such as electric vehicle drive systems, industrial
robots, heavy-duty industrial equipment requiring continuous operation, compressors, and high-speed pumps.
On the other hand, U-type IPMs have lower cogging torque and larger flux linkage amplitude, which is
advantageous in some applications requiring smoothness at low speeds, such as medical devices and smart
home appliances. Overall, the optimal configuration selection still depends on the specific requirements of
each application, especially in the current electric vehicle sector. Furthermore, the results obtained from the
finite element simulation in this study can serve as a reference for selecting suitable IPM magnet configurations
in practical designs. This research can be expanded and further developed by combining it with modern
optimization methods such as swarm algorithms and genetic algorithms to improve design performance.
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