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Abstract: With the recent proliferation of electric vehicles, there is increasing attention on
drive motors that are powerful and efficient, with a higher power density. To meet such high
power density requirements, the cooling technology used for drive motors is particularly
important. To further optimize the cooling effects, the use of direct oil-cooling technology
for drive motors is gaining more attention, especially regarding the requirements for electric
vehicle electric oil pumps (EOPs) in motor cooling. In such high-temperature environments,
it is also necessary for the EOP to maintain its performance under high temperatures.
This research explores the feasibility of using high-temperature-resistant ferrite magnets
in the rotors of EOPs. For a 150 W EOP motor with the same stator size, three different
rotor configurations are proposed: a surface permanent magnet (SPM) rotor, an interior
permanent magnet (IPM) rotor, and a spoke-type IPM rotor. While the rotor sizes are
the same, to maximize the power density while meeting the rotor’s mechanical strength
requirements, the different rotor configurations make the most use of ferrite magnets
(weighing 58 g, 51.8 g, and 46.3 g, respectively). Finite element analysis (FEA) was used to
compare the performance of these models with that of the basic rotor design, considering
factors such as the no-load back electromotive force, no-load voltage harmonics (<10%),
cogging torque (<0.1 Nm), load torque, motor loss, and efficiency (>80%). Additionally,
a comprehensive analysis of the system efficiency and energy loss was conducted based
on hypothetical electric vehicle traction motor parameters. Finally, by manufacturing a
prototype motor and conducting experiments, the effectiveness and superiority of the finite
element method (FEM) design results were confirmed.

Keywords: EOP; ferrite magnet; surface permanent magnet; interior permanent magnet;
spoke-type IPM; finite element method

1. Introduction

EOPs play a crucial role in modern vehicles, primarily in the following ways. For tradi-
tional fuel vehicles, EOPs are mainly used for starting assistance: during the vehicle startup,
the EOP can quickly establish the fuel pressure, helping the engine to start quickly [1,2].
EQPs are also used for lubrication and cooling: they lubricate and cool all types of trans-
missions, such as automatic transmission (AT), dry or wet dual-clutch transmission (DCT),
dedicated hybrid transmission (DHT), continuously variable transmission (CVT), and man-
ual transmission (MT), and reducers, including gears, clutches, and electric drives, as well
as providing a lower proportion of the drive (clutches, hydraulic shifting, and hydraulic
parking locks) [3-5]. In pure electric vehicles, especially in some high-performance vehicles,
EOPs are mainly used to cool and lubricate the motor end-winding coils and reducer gear
sets, preventing overheating and wear [6,7]. The design of EOPs needs to consider multiple
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key factors to ensure their efficient, reliable, and safe operation. One major issue with the
use of electrical products in the engine compartment is that the maximum temperature
can reach 130 °C. Compared to general fuel vehicles, the ambient temperature for EOPs
is slightly lower, but for some high-performance drive motors with speeds exceeding
16,000 rpm, the coil temperature often exceeds 150 °C to 180 °C [8,9]. Therefore, EOPs must
directly spray a cooling medium onto the heat-generating components, such as reducer
gears and motor stator end-windings. The structure of the direct oil-cooling system is
shown in Figure 1. Excessive coil temperatures can rapidly increase the oil temperature,
raising the heat-resistance requirements of the EOP. Therefore, the design of EOPs must
consider high-temperature demagnetization under such high temperatures. To further pre-
vent motor demagnetization in high-temperature environments, heavy rare earth elements,
including Dy and Tb, must be added to the permanent magnets. However, with the rising
prices of rare earth permanent magnets, there are concerns about the stability of the supply
of Nd and Dy raw materials. In severe cases, exports may be restricted. Therefore, the use
of rare earth permanent magnets should be reduced [10-13]. To reduce the dependence
on rare earth permanent magnets, various motors that do not use rare earth permanent
magnets, such as induction motors, synchronous reluctance motors (SynRMs) [14,15], and
concentrated flux synchronous motors (CFSMs), have begun to be developed. Among the
various motors that do not use rare earth permanent magnets, those using ferrite permanent
magnets provide an optimal solution. The residual induction of ferrite permanent magnets
is one-third that of rare earth permanent magnets [16]. On the other hand, the cost of ferrite
permanent magnets is about one-tenth that of rare earth permanent magnets, and a stable
supply of ferrite permanent magnets is easily obtained. Additionally, in high-temperature
applications similar to those of EOPs, the low-temperature demagnetization characteristics
of ferrite can be utilized to save magnet costs. As mentioned earlier, due to the lower
residual induction of ferrite permanent magnets, it is necessary to increase the size of ferrite
permanent magnets to meet the power and torque performance requirements [10-13,17-19].
This means an increase in the motor size. Therefore, selecting the optimal rotor magnet
arrangement and structure is crucial. This paper analyzes various types of rotor arrange-
ments with ferrite combinations and identifies the most suitable ferrite arrangement for an
EQOP rotor among the proposed rotor structures. It comprehensively compares the rotor
shapes of SPM, IPM, and spoke-type IPM motors to establish design standards. This paper
provides an important reference for the initial consideration of using ferrite magnet design
methods for oil-cooled EOPs in EVs, the application scope, and the selection of ferrite rotor
types, including a comparison of their advantages and disadvantages. The rest of this
paper is organized as follows: Section 2 introduces the main parameters of ferrite motor
rotors and the three analyzed rotor models. Section 3 compares the basic characteristics of
each rotor and analyzes the torque and efficiency of the rotors. Finally, prototypes were
manufactured based on the design structures. Section 4 shows a comparison of the model
simulation and the experimental results. Concluding remarks are provided in Section 5.



World Electr. Veh. . 2025, 16, 50

30f13

Figure 1. A diagram of the direct cooling of the end-winding in an oil-cooling drive motor for electric
vehicles, reprinted with permission from Ref [20]. Copyright 2020 Hyundai-transys.

2. Electrometric Performances
2.1. Winding Factor

EV and HEV electronic oil pump motors generally use fractional slot concentrated
windings (FSCWs). A typical characteristic of FSCW motors is the richness of the harmonic
components, which greatly affects the various electromagnetic performances of the motor.
In addition, the torque capacity of the motor is directly related to the fundamental winding
factor. The winding factor of motors with different pole—slot combinations and double-layer
windings is expressed as follows:

vP | sin(vpa)

Ko = Sin(fn)NsT(%“) )

In the formula, P is the number of pole pairs of the motor, v = k/P, k is the harmonic
order, Z is the number of slots, N = Z/r, r is the greatest common divisor of the number
of slots, poles, and phases, and « is the electrical angle between adjacent slots. From
Formula (1), it can be seen that the winding factor of FSCW motors has periodicity and
symmetry, which is the main reason for the generation of low-order harmonics and their
irreducibility in FSCW motors. The winding factor can be used to derive the three-phase
magnetomotive force (MMF) of the motor, as shown in Formula (2). Additionally, calcula-
tions were performed for three different pole-slot combinations (8/12, 10/12, and 14/12),
and the results are shown in Figure 2.
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Figure 2. The three-phase MMF factor for the three pole-slot combinations, (a) 10/12, (b) 8/12, and
(c) 14/12.
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From Figure 2, it can be seen that all the motors contained rich harmonic components
in the low-order harmonics. The 10/12 and 14/12 motors had larger subharmonics, which
were the main reasons for motor losses and vibrations, while the 8/12 motor had no sub-
harmonics. The over-harmonic amplitude of the 10/12 motor, except for the 7/5 harmonic
amplitude, was smaller than that of the 14/12 motor, and the over-harmonic amplitude of
the 12/8 motor was much smaller than that of the other two motors. However, the funda-
mental winding factor of the 10/12 and 14/12 motors was higher at 0.933, much higher
than the 0.866 of the 8/12 motor, which helped to improve the output torque. Ultimately,
after comprehensive consideration, we selected the 8/12 motor as the basic comparison
model.

2.2. Stator Model for Analyzing Rotor Properties

Table 1 lists the specifications of the motor stator model used in this study. The rated
DC voltage was 12 V. It is particularly noteworthy that the low magnetic flux density of the
ferrite motor necessitated minimizing the back iron and tooth of the stator to provide the
maximum slot area for the winding, thereby increasing the power density. Additionally,
to increase the fill factor, a segmented stator was used. Finally, to secure the coil and for
insulation, this design employed a 0.7 mm thick bobbin insulation.

Table 1. Main parameters of stator.

Item Unit Value 8/12 Stator, Slot of Stator
Outer and Inside Diameter mm 60, 30
Stack Length mm 40
Air Gap mm 0.4
Coil Size (bare) mm 0.71
No. of Turns, Strands - 52,1
Phase Resistance@20 degC (@) 0.076
Fill Factor % 43
Bobbin Insulation Thickness mm 0.7

2.3. Analysis Models of Motor Rotor

To analyze the relationship between the characteristics of various motors and rotor
shapes, the outer diameter of each rotor was fixed to ensure the same conditions and
minimize the number of variables. Additionally, the arrangement of the rotor magnets
was adjusted to standardize the size and shape of the stator and winding, allowing for the
analysis of characteristics under similar conditions. To ensure the accuracy of the analysis
using different magnet arrangements and rotor shapes, the typical rotor shape and ratio of
the EOP were maintained as much as possible. The final design and the main parameters
are listed in Table 2.

Table 2. Comparison of rotors.

Item Unit Model 1 Model 2 Model 3
No. of Magnet Poles - 8
PM Grade NMEF-12E
Outer and Inside Diameter mm 286, (%’ 35)1 eeve 29.2,11 29.2,9
Stack Length mm 40
Magnet Thickness mm 45

Magnet Weight g 58.0 51.8 46.3
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Generally, due to the low residual magnetic flux density of ferrite magnets, larger
magnets must be used to achieve a greater torque density in EOPs. In the case of the
IPM-type rotor, larger magnets could not be used structurally because barriers and ribs
had to be added. Additionally, to obtain demagnetization characteristics and compare
similar performances, the magnet thickness was 4.5 mm. Furthermore, for the SPM-type
rotor, a sleeve had to be added to the outer layer of the motor rotor to prevent the magnets
from flying off during high-speed rotation. In this paper, the sleeve used was made of
stainless steel with a thickness of 0.3 mm. For the spoke-type IPM rotor, the inner diameter
of the rotor was particularly important because the magnetization direction of the magnets
was not radial towards the air gap but tangential to the air gap. Therefore, the iron core
connection between the N and S poles needed to maximize the rotor’s inner diameter to
minimize it, thereby minimizing the magnetic leakage. Finally, all optimized rotors had to
meet the rotational strength requirements. The different shapes of the ferrite magnet rotors
were as shown in Figure 3.

0% "N

s %t

(a) (b) ()

Figure 3. Three different shapes of ferrite magnet rotors: (a) model 1 (SPM with sleeve), (b) model 2
(spoke-type IPM), (c) model 3 (IPM).

3. Comparison of Electromagnetic Performance
3.1. No-Load Analysis of Three Models

The no-load back electric motive force (B-EMF) is an important parameter for analyzing
the motor flux and power density. Figure 4a shows the peak line-to-line B-EMF at different
speeds. It was found that due to the pole piece structure between the ferrite magnet and
air gap of the IPM model, there was leakage flux, resulting in a low no-load back EMF.
Meanwhile, although the spoke-type IPM also had a pole piece structure, the magnets
caused the magnetic flux to converge in their arrangement, increasing the air gap flux
density. In the SPM structure, the ferrite magnet was closest to the air gap, resulting in
minimal leakage flux. Even with a sleeve structure, it could still achieve a high air gap flux
density. Under the conditions of 1000 rpm and an ambient temperature of 20 degrees, the
maximum phase-to-phase B-emfs for model 1, model 2, and model 3 were 2.13V,2.19 V, and
0.69 V, respectively. Figure 4b shows the B-EMF Fourier transform (FFT) analysis results.
From the FFT analysis, under the same speed and temperature conditions, the fundamental
B-EMFs for model 1, model 2, and model 3 were 2.13 V, 2.18 V, and 0.66 V, respectively. It is
evident that these values are almost the same as the phase-to-phase back EME, indicating
that the harmonic components were very low. The total harmonic distortion (THD) was
approximately 4.93%, 5.37%, and 9.08%, respectively. Additionally, Figure 4c shows that
the cogging torque of each motor was calculated to be 0.054 Nm, 0.055 Nm, and 0.009 Nm,
respectively.
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Figure 4. (a) The phase B-EMF of the three models. (b) The FFT analysis of the three models. (c) The
cogging torque for the three models.

3.2. Speed—Torque and Speed—Efficiency Analysis

Another type of electromagnetic analysis was performed by applying a constant
current at different speeds. Considering the B-EME, the traction motor required a cooling
flow and pressure for the oil pump, with the analysis range being up to the maximum speed
of 3500 rpm. Initially, the analysis used the magnet torque without controlling the phase
angle. It is well known that the reluctance in IPM motors, i.e., the salient poles, generates
additional torque components. The spoke-type IPM, being a salient pole, increased the
torque for a given current amplitude through phase angle control. It was found that the
maximum torque occurred for the IPM at a current phase of 35-45°, for the spoke-type
IPM at 15-20°, and for the SPM, which had no salient pole structure, the maximum current
phase angle was generally 0°. This study conducted comparative analyses using different
current phase angles in each motor to examine the characteristics of the maximum torque.
As shown in Figure 5, to analyze the effects of the d-axis and g-axis, the analysis indicated
that under the same current input, the spoke-type IPM configuration had the highest
torque (0.46 Nm) due to its large magnet volume and effective magnetic flux generation. In
contrast, the ferrite magnet in the IPM had the smallest effective magnetic flux. Figure 6
compares the magnetic field densities of the different models. It is important to note that
not only was the rotor lamination significantly different, but the stator core saturation of
the models also varied under load operation (as seen in Figure 6).
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Figure 5. FEM torque value at different current angles (phase current Ia: 12 arms).
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Figure 6. Cross section and flux density distributions of three models in MPTA condition. (a) Model
1, load condition (Ia: 12 arms; (3: 0°). (b) Model 2, load condition (Ia: 12 arms; 3: 15°). (c) Model 3,
load condition (Ta: 12 arms; 3: 35°).

Figure 7 compares the torque and power characteristics at different rotational speeds.
The analysis shows that model 2 had the highest basic speed torque. This is because,
as mentioned earlier, the ferrite magnetic flux was concentrated, and there was minimal
magnetic leakage. The air gap magnetic flux density of model 2 was very high.

0.5 160
0.45 140
0.4
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0.35
B 100 =
2 0.3 z
o 025 80 %
2 :
5 0.2 ——Modell_Torque | 60 &~
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Figure 7. Comparison of torque and power according to speed.

Model 1 also had a high torque density. Due to the proximity of the ferrite to the air
gap, the air gap magnetic flux density was increased. Additionally, even within the range
of high-speed magnetic field weakening and Maximum Torque Per Volt (MTPV) control,
model 1 did not exhibit a rapid torque drop in the high-speed range (2700-3500 r/min).
This is attributed to the high initial basic speed and the low residual magnetic field strength
of the ferrite, making it easy to modulate weak magnetic control. Finally, the power curve
shows that model 1 had the highest power.
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3.3. A Comparison of the Efficiency Maps and WLTP Class 3 Driving Cycle

Figure 8 shows the electric efficiency maps of the three models. Since model 3 did not
meet the maximum torque performance requirements, this chapter mainly considers the
efficiency characteristics of model 1 and model 2. It was found that due to the higher torque
density of model 2, model 2 had higher efficiency in the low-speed, high-torque region
where the copper loss was significant. By referring to the diagram of the magnetic flux
density under a load (Figure 6), it can be seen that model 1 had a lower magnetic saturation
density, resulting in lower iron loss compared to model 2. Therefore, model 1 had greater
efficiency in the high-speed, low-torque region.
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Figure 8. Efficiency maps of three models: (a) model 1; (b) model 2; (c) model 3.

To further discuss the performance of the EOP in terms of the EV traction motor system
efficiency, it was necessary to comprehensively consider the operating power points of the
EOP in the EV traction motor. These power points also needed to refer to the global driving
cycle standard tests for electric vehicles, such as the WLTP, NEDC, and US06. It should be
noted that the EOP speed needed to be determined by referring to the motor temperature
(usually the end-winding temperature) and the traction motor circulating oil temperature.
At the same time, power tests on the EOP needed to be conducted under different oil
circulation system pressures and flow rates. Based on the test results, a three-dimensional
lookup table (EOP speed/oil flow/oil temperature) was used to find the output power at
each operating point during the endurance test. Finally, the efficiency of the rotary pump
was added to obtain the power point of the EOP motor. Figure 9 shows the operating points
of an EV oil-cooled traction motor EOP under the WLTP class 3 driving cycle, which is a
specific category within the global WLTP testing program designed for high-performance
light-duty vehicles, particularly EVs with a top speed exceeding 130 km /h [21-24].

8000
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120
6000 90
— 60
= -
£ 5 30
= 4000 £
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2 z
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90
0 -120
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(a) (b)

Figure 9. (a) The motor speed and (b) absolute load torque over the WLTP class 3 driving cycle,
reprinted from Ref. [23].

The rotational speed of the target traction motor and the EOP motor, as well as the
torque curves, are shown in Figure 10. It can be seen that during the initial cycle phase
(low and medium WLTP range), the EOP motor’s operating conditions were not severe.
The temperature rises of the traction motor coils and the oil temperature increase in the oil
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cooling system were not significant. Therefore, during the initial cycle phase, there was no
need to significantly increase the oil flow rate, and the required torque of the EOP motor
did not increase much. However, during the high-speed cycle phase (high and extra-high
WLTP range), the motor coils heated up rapidly under high-speed operation, resulting in a
significant increase in the required flow rate, which led to an increase in the EOP motor
speed and torque. Next, by considering cold-start and hot-start environments, two different
operating points of the EOP at 25 °C and 65 °C were extracted (the temperatures refer to the
traction motor cooling inlet oil temperature; in the experiment, a fixed chiller was usually
used to set a constant oil inlet temperature, which was then supplied to the traction motor).
It can be seen that in a high-oil-temperature environment, the command required the EOP
to operate at a high speed; therefore, the EOP operating speed was much higher. However,
in a high-oil-temperature environment, the viscosity of the oil decreased, and compared to
a low-oil-temperature environment, the required EOP motor torque was lower. Figure 11a
shows the required operating points under the maximum torque speed of the three EOP
models in WLTP class 3. It can be seen that all possible operating points of the WLTP class
3 driving cycle are within the torque-speed curve specified by model 1 and 2. However,
the maximum torque margin of model 3 is insufficient (unable to meet the requirements of
a below-zero oil temperature and certain extreme operating conditions).

EOP motor speed (rpm) EOP motor torque (Nm)
4000 0.30

3500 —Oil inlet temp. 25deg —Oil inlet temp. 25deg

3000 Oil inlet temp. 65deg Oil inlet temp. 65deg

-

2000 5
1500 e

0.10
1000

0.05
500

Torque [Nm]

Speed [rpm]

0 0.00
0 300 600 900 1200 1500 1800 0 300 600 900 1200 1500 1800

Time [Sec] Time [Sec]

(a) (b)

Figure 10. (a) The EOP motor speed and (b) absolute EOP motor torque over the WLTP class 3
driving cycle.
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Figure 11. (a) EOP motor specification for peak torque versus speed characteristics (all models);
(b) loss over WLTP class 3 for model 1 and model 2.

Finally, the motor’s total loss is shown in Figure 11b. The motor’s losses included
iron losses, copper losses, and permanent magnet eddy current losses. These results were
obtained from a steady-state FEM analysis conducted every 0.1 s. In a low-oil-temperature
environment (25 °C), the losses of model 1 and model 2 exhibited similar performance
during the initial cycle phase, representing urban driving conditions (low and medium
WLTP range). However, during simulated suburban and high-speed driving (starting from
1300 s), the losses of model 2 were higher than those of model 1. As previously mentioned,
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in the high-speed range, model 2 had higher iron losses due to a higher magnetic flux and
magnetic saturation. Therefore, their energy consumption increased rapidly in the high
and extra-high WLTP range. In a high-oil-temperature environment (65 °C), the losses
of model 1 were lower than those of model 2 across the entire range of the WLTP. This is
also because, in a high-temperature environment, the oil pump needs to rotate at a high
speed across the entire WLTP range. The energy consumption in each range is confirmed
in Table 3.

Table 3. The energy loss over WLTP class 3 for the EOP models.

Model 1 Model 2
I .
tem Unit "7osec e5°C  25°C  65°C
WLTP low-range loss 0.798 0.924 0.808 0.983
WLTP medium-range loss Wh 0.529 0.602 0.536 0.639
WLTP high-range loss 0.622 0.717 0.635 0.766
WLTP extra-high-range loss 0.589 0.754 0.618 0.800

4. Results of Experiment

Through the analysis in the previous chapter, comparing model 2 and model 3, we
found that model 1 had the greatest advantages in terms of the power density, efficiency,
and ease of manufacturing (models 2 and 3 generally magnetized after insertion). To verify
the design results, an SPM prototype was made. Figure 12 shows the stator and rotor of the
SPM prototype. Figure 13a shows the experimental and simulated values of the no-load
line induced voltage at a speed of 1000 r/min. The experimental value of the no-load line
induced voltage was 1.47 Vrms, and the simulated value was 1.51 Vrms. Additionally, a
comparison of the measured and simulated values of the cogging torque is reflected in
Figure 13b. Finally, a comparison of the experimental and simulated efficiencies under the
load torque is shown in Table 4. All experimental data indicated that the two values were
relatively close.

Table 4. Efficiency comparison at rated power point.

Item FEM Experiment Error
Base speed 3200 rpm 3194 rpm 0.18%
Torque 0.348 Nm 0.359 Nm 3.0%
Power 116.5 W 1203 W 3.5%
Efficiency 80.2% 80.0% 0.2%

Stator split core Stator assembly Stator w/ connection ring Prototype model

Figure 12. The prototype of the SPM with a ferrite magnet for the EOP.
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Figure 13. Experiment and simulation results of no-load line induced voltage at 1000 r/min. (a) Ex-

periment. (b) Simulation. (c¢) Experiment results of cogging torque, reprinted with permission from
Ref. [25]. Copyright 2020 IEEE.

5. Conclusions

This paper presents the optimal design scheme for the latest pure electric drive cooling
EQOP, a ferrite magnet rotor motor, which can provide high efficiency, a high torque density,
and a low torque ripple in EOP applications. Combined with the cooling control scheme, the
proposed Fe-PM SPM rotor achieved the highest system efficiency. Finally, the no-load and
load operation performances were obtained through experimental measurements. Based
on the comparison of the simulation and experimental results, the following conclusions
were drawn:

(1) The air gap magnetic density of the ferrite magnet rotor motor is very low. Therefore,
when designing such a motor, it is necessary to select a design with the maximum air
gap magnetic density, minimize magnetic leakage as much as possible, and concen-
trate the magnetic density of the magnets. Therefore, rotor structures similar to the
SPM and spoke-type IPM can meet the design requirements.

(2) The IPM structure is very unsuitable for ferrite rotors, as its construction cannot maxi-
mize the magnet area, the magnets are far from the air gap, and the structure retains
ribs and bridges, which will inevitably cause magnetic leakage, thereby reducing the
power density and motor efficiency.

(3) When analyzing the system efficiency, it is necessary to consider the efficiency of the
EOP motor at high operating points, considering the high cooling oil temperature.
The system will require high flow rates and high EOP operating speeds. Therefore,
although increasing the air gap magnetic density is particularly important, the mag-
netic density of the stator core also needs attention. It is necessary to improve the
magnetic density of the core to reduce iron loss and enhance the high-speed efficiency
of the ferrite motor.
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Finally, the SPM-type motor (model 1) achieved a higher torque density by configur-
ing more ferrite magnets, but it requires additional ferrite magnet material and a sleeve
structure, which may lead to higher costs. Considering the fluctuations in magnet prices
and the impact of EOP losses on the electric vehicle system, future research should delve
deeper into the trade-offs between the motor manufacturing complexity, motor cost, and
system performance.
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