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Abstract: Permanent magnet synchronous machines (PMSMs) are widely used in electric vehicles
due to their high power density, high efficiency, etc. Core losses account for a significant component
of the total loss in PMSMs. Therefore, it is necessary to carefully consider it when designing PMSMs
according to actual scientific research project applications. This paper extracts the characteristic
operating points of the PMSMs under different operating conditions at different speeds. Then a
harmonic analysis of air-gap flux density, phase current, core loss was completed, and detailed
comparative analysis was performed. A novel method for comprehensively analyzing the stator
core loss of PMSMs for vehicles is proposed, which reveals the law of the core loss of the PMSM
under Maximum-Torque-Per-Ampere (MTPA) and Space Vector Pulse Width Modulation (SVPWM).
The method was verified by a prototype experiment where the actual core loss of PMSMs was
measured to verify the correctness of the method. This research provides a reference for accurately
predicting core loss during the forward design of PMSMs and completing core loss evaluation for
existing PMSMs.

Keywords: permanent magnet synchronous machines; core loss; flux density; Maximum-Torque-Per-
Ampere; Space Vector Pulse Width Modulation; harmonic analysis

1. Introduction

The stator core loss of permanent magnet synchronous machines (PMSMs) is closely related to the
magnetic field in the core that changes with time and space, and it is difficult to obtain an accurate
calculation process. The Bertotti loss separation model is a commonly used calculation model for
stator core loss [1]. According to the physical causes of core loss, it is decomposed into hysteresis loss,
eddy current loss and additional loss, and the proposed General calculation model of loss. This model
is currently recognized as the more accurate loss model. Zhu Jianguo of the University of Technology
Sydney and others took permanent magnet brushless DC motors as a research object and proposed
accurate circular rotating magnetization loss calculation models and elliptical rotating magnetization
loss calculation models suitable for iron loss calculations [2]. This calculation model requires loss
coefficients under rotating magnetization and alternating magnetization. However, the loss factor
under circular rotating magnetization is difficult to obtain, which restricts the application of this
method. On this basis, Hu Qiansheng of Southeast University and others proposed an orthogonal
decomposition loss calculation model, which equates the rotating magnetization loss as the linear
superposition of two orthogonal alternating magnetization losses. This method has undergone a large
number of experiments and measurements. The error of the value is kept within 10%, with high
accuracy [3].
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With the development of power electronic devices and high-power devices, inverter control
technologies such as Pulse Width Modulation (PWM) and Space Vector Pulse Width Modulation
(SVPWM) have become more widely used in motor control. The analysis of the influence of frequency
and time harmonics on core loss is particularly important. Chen P. et al., based on the non-sinusoidal
time harmonics generated by the PWM inverter, established an improved calculation model for the
additional core loss and permanent magnet eddy current loss caused by high-frequency non-sinusoidal
time harmonics. The influence of inverter parameters (switching frequency and modulation ratio)
on core loss was studied [4–7]. Kowal D. et al. respectively carried out the core loss and permanent
magnet eddy current loss obtained by the frequency domain loss calculation model considering only
the sinusoidal distributed magnetic field, and the time domain loss calculation model considering
PWM non-sinusoidal harmonics, rotating magnetization, and local hysteresis loops. The results
showed that the high-order current harmonics generated by PWM greatly increase the core loss of
the motor and the eddy current loss of the permanent magnet, and the segmented structure of the
permanent magnet could effectively reduce the eddy current loss [8]. In [9], Zhang Yuelei and others
used finite element co-simulation to simulate the core loss, copper loss, and eddy current loss of the
V-type interior PMSM (IPMSM) under SVPWM control, and analyzed the influence of the SVPWM
carrier ratio and modulation ratio on the motor loss. In [10,11], Xiao Chengdong et al. took a 5.5 kW
motor as an example, and then established the SVPWM control model of the motor, and simulated the
output voltage waveforms at different operating points of the motor, and then analyzed the different
carrier frequencies and carrier frequencies of the motor using finite element simulation. The change
rule of stator and rotor core flux density under modulation ratio and its influence on loss density,
but the Simulink simulation model in this method does not consider the influence of the magnetic
saturation effect on electromagnetic parameters. In [12,13], Sun Z.C. et al. compared the core loss
of amorphous alloy PMSMs produced under different power supply modes (including sine wave
power supply, direct torque control, and vector control). The study showed that compared with vector
control, moment control could produce greater core loss and permanent magnet eddy current loss.

The research on stator core loss at home and abroad is mainly focused on aspects of accurate
analytical calculation of core loss and optimization of core loss. In recent years, the accurate calculation
method of stator core loss based on the control method has also attracted attention. Relatively speaking,
the research on motor core loss under SPWM is relatively mature, while the research on motor core
loss under SVPWM control is not thorough enough. It is of great significance to study the efficient
calculation method of stator core loss of PMSM considering the magnetic saturation effect under
SVPWM control conditions.

2. The Stator Core Loss Analytical Calculation Method

An outer rotor PMSM has been manufactured. A 1/12 2D model of the machine cross-section is
shown in Figure 1, and basic machine parameters are listed in Table 1.
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Table 1. The main parameters of the outer rotor PMSM.

Parameter Value Parameter Value

Rated power/kW 380 Rated speed/rpm 3200
Maximum power/kW 550 Maximum speed/rpm 6000

Rated torque/Nm 1134 Rated AC voltage/V 440
Outer diameter of stator/mm 482 Silicon steel sheet B20AT1500

Insulation class H Cooling system Water

In the paper [14], in order to consider the influence of high frequency and high flux density
on the core loss of the motor, the interval was divided according to frequency and flux density.
Different additional flux density terms were used to compensate for the increased value of hysteresis
and eddy current loss caused by the non-linearity of the magnetic chain of the silicon steel sheet and
the higher harmonic magnetic field. The calculation model can be expressed as follows,

Ph ==
N∑

k=1

krkhk f [Bαnk(n1kBβ2k
nk )]

Ph =
N∑

k=1

kek2 f 2[B2
nk(1 + n2kBβ2k

nk )]

Pecx =
N∑

k=1

kecxk1.5 f 1.5B1.5
nk

(1)

where, kr is the rotating magnetization loss coefficient, kr = 1 +
|Bkmin |||

|Bkmax |||
. Bkmax and Bkmin are the

magnetic flux densities of the two axes of the elliptical rotating flux density. Bnk is the k-th flux density
harmonic amplitude. n1kBβ2k

nk is the low-order term of the additional flux density for hysteresis loss.

n2kBβ2k
nk is the high-order term of eddy current loss and flux density. n1k, β1k, n2k, β2k are the additional

loss coefficients, which can be obtained by fitting the orthogonal magnetization loss data at different
frequencies measured, and the loss coefficients all change with changes in magnetic flux density
and frequency.

Based on the stator loss coefficient and the flux density distribution of each internal split unit,
the core loss density of each split unit of the stator was obtained. On this basis, the stator core loss
obtained by the summation is,

PFe = La

∫
s
(Ph + Pe + Pecx)ρds = Laρ

Ns∑
i=1

(P(i)
h + P(i)

e + P(i)
ecx)∆

(i)
s (2)

where, La is the axial length of the stator. ρ is the density of the stator silicon steel sheet. P(i)
h , P(i)

e ,

P(i)
ecx are the hysteresis, eddy current, and additional loss density of the i-th stator unit, respectively.

∆(i)
s is the area of the i-th unit, and Ns is the number of split units.

3. Phase Current Analysis

Interior Permanent Magnet Synchronous Motors (IPMSMs) have a rated torque of 1134 Nm and a
peak torque of 1660 Nm. Considering the motor’s speed range, control strategy (Maximum Torque Per
Ampere (MTPA) or field weakening control) and magnetic saturation characteristics, four operating
points (1000 rpm, 1660 Nm; 3200 rpm, 1660 Nm; 3200 rpm, 1134 Nm; 6000 rpm, 588 Nm) were selected.
Their phase currents and internal magnetic fields were analyzed. Among them, the working points
were 1000 rpm, 1660 Nm and 3200 rpm, 1134 Nm was controlled by MTPA, and the other two points
were controlled by a weak magnetic field. Based on the SVPWM control model, the dq-axis currents at
different operating points of the motor with and without the magnetic saturation effect were calculated
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separately, and then Park inverse transformation was performed on the direct axis and quadrature
axis (dq-axis) current to obtain the phase current of the motor in one electrical cycle, as shown in
Figure 2. When the motor adopted MTPA control, the internal magnetic saturation of the stator was
relatively high, and the phase current obtained was larger than the phase current without considering
the magnetic saturation. In weak field control, the magnetic saturation was low, and the phase current
was smaller than the phase current without considering the effect of magnetic saturation [15–23].
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Figure 2. Phase current and dq-axis current under different working points of the motor.

The A-phase current shown in Figure 2 was Fourier decomposed to get its harmonic amplitudes,
as shown in Figure 3.

The phase current obtained by inverter space vector pulse width modulation, the main harmonic
order of its waveform was (2i − 1)fc/f ± 2, (2i − 1)fc/f ± 4, 2ifc/f ± 1, 2ifc/f ± 5 (i = 1, 2, 3, . . . ).
Among them, fc is the inverter carrier frequency, and f is the fundamental frequency. The carrier
frequency of the controller was 8kHz, when the PMSM was working at 1000 rpm, fc/f = 80, then the
main harmonic orders were 80 ± 2, 80 ± 4, 160 ± 1, 160 ± 5, . . . The current harmonic orders at 3200 rpm
were mainly 25 ± 2, 25 ± 4, 50 ± 1, 50 ± 5, 75 ± 2, 75 ± 4, . . . The current harmonic orders at 6000 rpm
were mainly 13 ± 2, 13 ± 4, 26 ± 1, 26 ± 5, 39 ± 2, 39 ± 4, . . .
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A large number of current harmonics were generated by the motor’s SVPWM. The current
harmonic total distortion (THD) rate was used to reflect the harmonic content of the phase current,
and its calculation Equation can be expressed as:

THD =

√∑
∞

n=2 I2
n

I1
× 100% (3)

Based on Equation (3), the harmonic distortion rate of the phase current of the motor with and
without the magnetic saturation effect was calculated separately, as shown in Table 2. After considering
the magnetic saturation effect, the dq-axis flux linkage of the motor changed nonlinearly with the
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current, and the harmonic content of the phase current was higher than the harmonic content without
considering the magnetic saturation effect.

Table 2. The total harmonic distortion rate of the phase current of the motor with and without
considering the magnetic saturation effect.

Working Point Without Considering Magnetic Saturation Considering Magnetic Saturation

1660 Nm/1000 rpm 4.08% 4.39%
1660 Nm/3200 rpm 3.7% 4.42%
1110 Nm/3200 rpm 5.29% 5.51%
588 Nm/6000 rpm 6.9% 7.55%

4. Magnetic Field Analysis under MTPA and Field Weakening Control Strategy

Figure 4 shows the vector control system used in this section to analyze the core loss under
different working conditions [24–28].
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During the operation of the motor, affected by different armature currents, the changes in the
magnetic flux density at various internal positions are quite different, and detailed analysis of the
magnetic field at different positions under various operating conditions is required.

For this motor, its operating characteristic curve and drive control mode under different working
conditions are shown in Figure 5. The motor ran at low speed with constant torque and at high speed
with constant power. In constant torque operation (0–3200 rpm), the winding current was 579.4 A,
the current angle was 28.33◦, the terminal voltage was gradually increased to 440 V, the motor achieved



Appl. Sci. 2020, 10, 7232 8 of 21

maximum torque current ratio operation, and the output rated torque was 1134 Nm; in field weakening
control Area (3200–6000 rpm), the direct-axis current Id kept increasing, the quadrature-axis current
Iq kept decreasing, the current angle gradually increased, the terminal voltage remained unchanged
at 440 V, and the motor output rated power was 370 kW. The torque, power, current, and internal
power factor angle (ψ) of the motor operating points (1000, 2000, 3200, 4000, 5000, and 6000 rpm) under
different working conditions are shown in Table 3.
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Table 3. Motor operating points under different working conditions.

Torque/Nm Power/kW Id/A Iq/A Is/A ψ/◦ UAC/V

1000 1110 116.23 275 510 579.4 28.33 135.9
2000 1110 232.46 275 510 579.4 28.33 273.8
3200 1110 370 275 510 579.4 28.33 440
4000 883.4 370 350 365 505.7 43.8 440
5000 706.7 370 415 248 483.5 59.14 440
6000 588.9 370 465 170 495.1 69.92 440

It can be seen from Table 3 that in the field weakening control zone, as the speed increased, due to
the decrease of the quadrature axis current Iq, the phase current Is synthesized by Id and Iq gradually
decreased, and the speed continued to increase; although the alternating current The shaft current Iq
continued to decrease, the effect of the increase in the direct-axis current Id was more obvious, and the
phase current Is began to rise again.

Figure 6 shows the distribution of magnetic field lines and air gap radial flux density when the
motor was under no-load and field weakening control (3200 rpm, 6000 rpm) output rated power.
When there was no load, there is no stator current, only the permanent magnet of the rotor provides
the magnetomotive force, and the air-gap flux density waveform was close to a rectangular wave;
in the field weakening control, the d-axis current gradually increases with the increase of the speed to
weaken the magnetic field. Compared with the magnetic field at 3200 rpm, the magnetic field was
significantly weakened at 6000 rpm.

The air gap radial flux density changes of the motor with no load and load are shown in
Figures 7 and 8. Figure 7 shows the air gap flux density under the armature reaction when the rotor
permanent magnet magnetic field was not considered. Figure 8 shows the air gap flux density when
the rotor permanent magnet magnetic field and the armature reaction magnetic field were combined.

Affected by the armature reaction of the q-axis, the air gap flux density was significantly distorted
compared with no-load. Before the rated speed (3200 rpm), the motor was under maximum torque
control, and the winding current amplitude and phase are unchanged, so the air gap flux density
waveform was basically the same, as shown in Figures 7a and 8a. As the speed increased and the
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d-axis current Id increased, the d-axis current demagnetized. Obviously, the air gap flux density
gradually decreased.Appl. Sci. 2020, 10, 922179; doi: FOR PEER REVIEW Page 9 of 24 
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Under different working conditions, the control mode of the motor is different, and the flux
density waveform in the stator core also changes under the action of the armature reaction. Points were
taken at the typical position of the tooth and yoke, and analyze different conditions, namely no-load,
constant torque operation (0–3200 rpm) and constant power operation (3200–6000 rpm)), the radial flux
density of the motor teeth, and the tangential flux density of the yoke change, as shown in Figure 9.
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Figure 9. Changes in the radial flux density of the teeth and the tangential flux density of the yoke of
the motor under different working conditions.

It can be seen from Figure 9 that similar to the air gap flux density, the no-load air gap flux density
of the tooth was a trapezoidal wave. In the constant torque region, the winding current amplitude and
phase were the same. The flux density waveform was basically the same. In the constant power zone
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(field weakening control zone), as the speed increased, the air gap flux density of the motor gradually
decreased. Perform Fourier analysis on the radial flux density of the tooth and the tangential flux
density of the yoke, and the amplitude of each harmonic component is shown in Figure 10.
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It can be seen from Figure 10 that under the field weakening control strategy, as the speed
increased, the d-axis current increased, the magnetic field was weakened, and the amplitude of the
fundamental wave decreased. But as the speed increased, the influence of space harmonics increased,
and the proportion of harmonic components of flux density gradually increased.

5. Core Loss Calculation Results

The no-load and load core losses of the PMSM stator at different speeds are shown in Figure 11.
It can be seen from the figure that as the speed increased, the no-load loss of the stator core gradually
increased. Under load conditions, the Id current in the constant torque region (0–3200 rpm) remained
the same, and the magnetic field in the stator core of the motor was the same. As the speed increased,
the frequency of the motor also increased, resulting in the loss of the stator core. When there was an
increase in the constant power zone (3200–6000 rpm), due to the gradual increase of the Id current,
the demagnetization effect was obvious, and the magnetic field in the stator core was weakened.
Even if the speed increased, the motor frequency increased, and the stator core loss also decreased [29].
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Under load, the core loss was decomposed into hysteresis loss (Ph), eddy current loss (Pe),
and additional loss (Pexc). The decomposed core loss at different speeds is shown in Figure 12,
and their proportion to the total core loss is shown in Figure 13. It can be seen from Figure 12 that the
hysteresis loss accounted for most of the core loss. In the constant torque region, with the increase in
speed, the hysteresis loss gradually increased; in the constant power region, the magnetic field became
smaller due to the weak magnetic field, causing the hysteresis loss to decrease with the increase of
speed. With the increase of speed, in the constant torque region, the eddy current loss and additional
loss were increasing; in the constant power region, even if the magnetic field became smaller, due to
the increase of the motor frequency, the influence on the increase of loss increased, the eddy current
loss and the additional loss continued to rise.
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As shown in Figure 13, as the speed increased, the proportion of hysteresis loss, eddy current loss,
and additional loss in the total core loss were constantly changing, and the proportion of hysteresis loss
gradually decreased. Due to the increase in harmonic content, eddy current loss, and the proportion of
additional loss, the rising speed of eddy current loss was higher than that of additional loss.

The above analysis is the calculation result under the condition of sinusoidal current source
loading. Under normal circumstances, the calculation result under the sinusoidal current source can
meet the basic needs of motor electromagnetic field and motor performance research. However, the loss
results obtained were ignored because the influence of inverter carrier harmonics is relatively small.
Therefore, it is necessary to analyze the motor loss under SVPWM of the inverter. The A-phase current
of SVPWM at different speeds is shown in Figure 14.
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Figure 14. Space vector pulse width modulation (SVPWM) phase A current at different speeds.

The current is generated by the space vector pulse width modulation of the inverter. The main
harmonic order of the PWM waveform is (2i − 1)fc/f ± 2, (2i − 1)fc/f ± 4, 2ifc/f ± 1, 2ifc/f ± 5 (i = 1, 2, 3, . . . ),
where fc is the inverter carrier frequency, and f is the fundamental frequency. The carrier frequency of the
motor controller is 7.5 kHz. When the motor is working at 5000 rpm, the main harmonic order was 15 ± 2,
15 ± 4, 30 ± 1, 30 ± 5, 45 ± 2, 45 ± 4, 60 ± 1, 60 ± 5, . . . Perform Fourier analysis on the phase A current at
5000 rpm gave the harmonic current amplitude under different harmonic orders, as shown in Figure 15.
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Fourier analysis was performed on the phase A current in the constant power field weakening
control area, and the main harmonic current of phase A with SVPWM at different speeds was obtained
as shown in Figure 16. As can be seen from the figure, due to the different fundamental frequencies
of different speeds, the main harmonics of the phase A current generated by the inverter were
also different.

Figure 17 shows the amplitude of each harmonic component of the tooth radial flux density and
the yoke tangential flux density under SVPWM. Compared with Figure 10, it can be seen that the
higher harmonics of the radial flux density of the teeth and the tangential flux density of the yoke
increased significantly, and the main harmonics of the flux density at different speeds were consistent
with the current harmonics. Compared with the sinusoidal current source, the harmonics generated by
the inverter caused an increase in core loss. The core loss of the stator core loss under the sinusoidal
current source and SVPWM and the increased core loss of SVPWM relative to the sinusoidal current
source are shown in Table 4.

Table 4. Stator core loss under sinusoidal current source and SVPWM.

Speed (rpm) Sinusoidal Current Source (kW) SVPWM (kW) Increased Ratio (%)

3200 1.7780 2.3318 31.15
4000 1.6641 2.1737 30.62
5000 1.6515 2.0902 26.56
6000 1.7109 2.1550 25.96

It can be seen from Table 4 that in the field weakening control area (3200–6000 rpm), compared with
the sinusoidal current source loading, the motor loss under inverter SVPWM increased significantly,
and the stator core loss increased by more than 25%. Results of the Fourier analysis of the stator core
loss under SVPWM and the stator iron core loss harmonics are shown in Figure 18.

Compared with Figure 16, the influence of time harmonic current on stator core loss can be clearly
seen from Figure 18.

At different speeds, the stator core loss cloud chart is shown in Figure 19. It can be seen from
the figure that the stator core loss of the motor was mainly distributed in the stator teeth, and the
loss distribution at different speeds was slightly different. The higher the speed, the greater the local
core loss.
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6. Experimental Verification

In order to verify the calculation results of core loss, a load core loss experiment was carried out
on the prototype. The motor prototype, controller, and experimental bench are shown in Figure 20.

The experimental verification method was as follows:

(1) Increase the motor speed to slightly more than 6000 rpm through the inverter;
(2) The inverter stops working, and the motor slows to a standstill; record the relationship between

time and speed when the motor speed is 6000 rpm and zero;
(3) The power loss at different moments can be obtained through the deceleration curve of the motor.

It can be seen from Figure 21 that the calculation result was basically consistent with the core
loss calculation result, and the maximum error of each point did not exceed 9.6%, which can meet
the needs of the project. The motor core loss measured by this experimental method included the
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mechanical loss of the motor (bearing loss and wind abrasion loss), so there is a certain error between
the calculation results and the experimental results.
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7. Discussion

This paper analyzes the air gap flux density, tooth radial flux density, and yoke tangential flux
density of PMSM by changing the direct and quadrature axis currents when the PMSM is in different
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operating conditions. Additionally, this paper studied the change in the iron loss of the motor in the
constant torque area and constant power as the speed changes, and the core loss of the PMSM under
MTPA or field weakening control were studied.

When the motor is running at 1000 rpm, 3185 rpm and 6000 rpm, the trend of the PMSM loss
considering the effect of magnetic saturation was consistent with the trend of loss without considering
the magnetic saturation. However, under the same operating point, when the magnetic saturation
was considered, the electromagnetic parameters changed nonlinearly. The current harmonics under
SVPWM control were larger than those without magnetic saturation, making the stator magnetic field
harmonics of the motor increase. The stator core loss increases and different motor control methods
(MTPA or field weakening control) had different influences on the proportion of stator hysteresis loss,
eddy current loss, and additional loss.

In the 1000 rpm working area, the PMSM loss was dominated by hysteresis loss. The motor did
not enter the field weakening zone. As the load torque increased, especially when the torque was
high, the phase current of the motor, when magnetic saturation was considered, was significantly
higher than the phase current when magnetic saturation was not considered. The armature effect of
the winding current was low, and the fundamental flux density was high; therefore, the proportion of
hysteresis loss in total loss had a slight upward trend, while the proportion of eddy current loss and
additional loss in total loss decreased.

In the 3185 rpm working area, the PMSM control mode was divided into MTPA control and
field weakening control according to the size of the load torque. When the load torque was less than
the rated torque, the PMSM was under MTPA control, and the increase in frequency increased the
proportion of the PMSM eddy current loss, and the stator core loss increased with the increase in torque.
As the torque increased, the PMSM enters the field weakening control area, the demagnetization
current increased, and the total motor loss decreased, but the internal flux density harmonic content
of the stator increased. At this time, the proportion of hysteresis loss in the total loss decreased.
The proportion of eddy current loss and additional loss in total loss increased accordingly.

In the 6000 rpm working area, the PMSM adopted field weakening control, and the magnetic
saturation effect had little influence on the stator core loss. With the increase of load torque, the degree
of field weakening increased, and the increase of demagnetization current made the fundamental flux
density of the stator decrease, the harmonic content increased, and the stator core loss increased slightly,
but the magnitude of the change was not large. The proportion of loss in the total loss decreased
slightly, while the proportion of eddy current loss and additional loss in the total loss increased.

8. Conclusions

This paper proposes a calculation method for calculating the core loss of permanent magnet
synchronous motor in the full working range, considering the motor control strategy. Research shows
that when the PMSM runs at a low-speed and high-torque region, MTPA control is adopted. At this
time, the magnetic saturation inside the stator is relatively high, and the magnetic saturation effect
has a greater impact on the phase current, magnetic field, and stator core loss. As the speed increases,
the PMSM runs in the high-speed and field-weakening region, and the larger magnetic field weakening
current reduces the degree of magnetic saturation in the stator, and the magnetic saturation effect reduces
the influence of the motor phase current, magnetic field, and stator core loss. Therefore, considering the
magnetic saturation effect under low-speed and high-torque conditions is very important for the
accurate calculation of stator core loss.

The research results of this paper provide ideas for other researchers to accurately predict motor
core loss when designing motors and also provide methods for analyzing core loss of existing motors.
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