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ABSTRACT In this paper, the method of harmonic suppression and torque ripple reduction is studied for
the structure characteristics and design requirements of a high-speed permanent magnet spindle motor.
According to the magnetic circuit analysis and calculation theory of the permanent magnet synchronous
motor (PMSM), magnetic reluctance slots are arranged at the two ends of the rotor yoke to change the
external magnetic field distribution of the permanent magnet in order to optimize the air gap magnetic
density waveform. To obtain air gap flux density waveforms that are close to a sinusoidal distribution and
not destroy the permanent magnet under the pre-pressure, several reluctance slots with different widths and
depths arranged at two ends of the rotor yoke are used to achieve the sinusoidal distribution. Based on the
selection of the pole-slot proportion, skewed-slot and a decrease in the end effect, the effects of the harmonic
suppression of the harmonic electromotive force (EMF) and the reduction in the torque ripple are discussed.
It is concluded that the additional loss and torque ripple of the high-speed permanent magnet spindle motor

can be reduced through a reasonable design.

INDEX TERMS Permanent magnet spindle motor, torque ripple, harmonic suppression.

I. INTRODUCTION

A spindle drive system is a key component of a numerical
control (NC) machine. The electric spindle has become the
commonly used NC machine spindle driving system due to
its superior structure and performance. The spindle motor is
a core component of the electric spindle drive system. Hence,
the selection of the type of the spindle motor and the its design
and parameter optimization are important for improving the
spindle drive system performance and accuracy [1]-[3].

The main pole magnetic field of the permanent magnet
synchronous motor (PMSM) is excited by a permanent mag-
net, without excitation windings, leading to a decreased rotor
heating. Additionally, because of its characteristics of a high
efficiency and high-power density, the PMSM is particularly
suitable for use in the main spindle drive system that has the
requirements of high energy efficiency, and space and heat
transfer. In recent decades, the research and development of
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the permanent magnet alternating current (AC) spindle motor
has become an important research direction [4]-[7].

The ideal operation state of the PMSM is driven by the
interaction between the sinusoidal stator current and sinu-
soidal air gap magnetic field. With the development of control
technology that uses closed-loop control to make the actual
current quickly follow the given value, the sine of the stator
current is enough. However, due to the characteristics of the
PMSM’s own magnetic circuit, the no-load air gap magnetic
density wave does not show a sinusoidal distribution but
rather is a flat wave; this will greatly impact the performance
of the motor. The waveform and size of the electromotive
force (EMF) are closely related to the distribution shape
and amplitude of the air gap magnetic density. To obtain
a sinusoidal air gap flux density and a high-quality EMF,
appropriate measures should be taken in the design and man-
ufacturing of the motor [8]-[11].

To obtain the air gap flux density as close as possible
to the sinusoidal distribution, many researchers have per-
formed considerable research on the optimization design of
the air gap flux density waveform, and achieved substantial
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progress. The waveform of the air gap flux density can be
effectively improved by using eccentric magnetic pole or
magnetic pole chamfering to make the distribution of the
permanent magnet exhibit an unequal thickness [12]-[19].
Although this method increases the difficulty of permanent
magnet machining to a certain extent, it is easy to implement,
and the wind friction will increase sharply when the uneven
air gap is running at a high speed, so that it is widely used in
medium- and low-speed surface-mounted permanent magnet
motors. The sinusoidal waveform of the air gap magnetic
field can also be obtained by changing the magnetization
energy according to the sinusoidal law [15], [20], [21],
by using a Halbach array structure [22]-[27], or by machining
a series of modulation slots on the permanent magnet [28].
However, the magnetization and manufacturing process of the
permanent magnet are more difficult, and the cost is relatively
high. Using a multi-section combined pole structure, different
permanent magnet materials, and different structural param-
eters or arrangement of some permanent magnets in a pole
by a pulse width modulation method to weaken the harmonic
component of the air gap magnetic field has achieved excel-
lent results [29]-[31]. However, this approach also presents
higher requirements for the rotor assembly.

The above methods have mainly focused on the shape
parameters of the magnetic pole, but the high hardness, high
strength and high brittleness of the permanent magnet make
it very difficult to process and incur a very high cost that
is the main constraint in technology application. This paper
presents a design method for symmetrically setting a series
of reluctance slots on the rotor yoke corresponding to both
ends of the permanent magnet that can effectively suppress
the main pole magnetic field and potential harmonics of
the motor, greatly reducing the additional loss and pulsating
torque, and at the same time, greatly reduce the difficulty
of manufacturing and technological application. There have
been some applications of the reluctance slot in reluctance
motor that is mainly used to increase the reluctance difference
between d-axis and g-axis, so as to obtain the reluctance
torque caused by the reluctance difference [32]-[34]. How-
ever, the application of reluctance slot in PMSM to improve
the air gap flux density waveform and suppress harmonics has
been rarely reported.

For a 4-pole high-speed permanent magnet spindle motor
(30000 r/min), from the perspective of the harmonic suppres-
sion of the main pole magnetic field and tooth harmonic EMF,
a design scheme with a low harmonic loss and low torque
ripple is obtained by a comparison of multiple schemes.
These schemes provide some guidance for the design of a
permanent magnet AC main spindle motor or a similar type
of motor.

Il. OPTIMIZATION AND CALCULATION METHOD FOR THE
MAIN POLE MAGNETIC FIELD OF

THE HIGH-SPEED PMSM

For protection against a tremendous centrifugal force during
high-speed rotation, a layer of a high-strength non-magnetic
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protective sheath is placed on the outer side of the perma-
nent magnet in the rotor design of the high-speed permanent
magnet motor. A general interference fit is adopted for the
permanent magnet and sheath, even if the permanent magnet
has a certain pre-pressure value, which means that the perma-
nent magnet has a value that is less than the allowable value
due to tension stress.

If a permanent magnet is designed using an uneven air
gap scheme, then the wedge air gap due to the eccentricity
or angle of cutting will lead to some technical difficulties
in the assembly of the alloy sheath. Additionally, it will be
difficult to ensure the sphericity of the rotor outer surface.
The air friction loss that makes a large contribution to the
total loss is proportional to the cube of the motor speed, and
the heterogeneity of the rotor outer surface will significantly
increase the air friction loss, which is very detrimental to the
spindle motor.

A. OPTIMIZATION METHOD OF THE MAIN POLE
MAGNETIC FIELD
To reduce the wind friction loss between the air gap and
high-speed rotating rotor, it is necessary to adopt an even
air gap. For the surface-mounted PMSM with an even air
gap and an equal thickness permanent magnet with parallel
magnetization, the air gap magnetic density wave is a flat top
wave. Assuming that the magnetic circuit saturation and the
influence of the stator slot are not considered, the flux density
of the air gap can be expressed as:
Bso = by oL = —nBr

oo (An+ Doo
where Bso is the air gap magnetic density of no-load,
bmo 1s the no-load working point of the permanent magnet,
B, is the residual magnetic induction strength of the perma-
nent magnet, oy is the leakage factor of no-load, and A, is the
standard value of the external magnetic permeance.

It can be concluded that the external magnetic permeance
can be decreased by reducing the working point of the per-
manent magnet from Eq. (1), but the magnetic flux density of
the air gap is reduced at the same time.

To make the air gap flux density close to a sine wave,
the magnetic reluctance slot is arranged at the two ends of
the rotor yoke corresponding to the permanent magnet; this
arrangement increases the magnetic circuit reluctance of the
permanent magnet on each side of the pole and facilitates a
decrease in its external magnetic conductivity to achieve the
goal of increasing the air gap magnetic sine degree. There-
fore, the design of the rotor structure to achieve an approxi-
mately linear decreasing external magnetic conductivity that
uses several reluctance slots with different widths and depths
arranged at two ends of the rotor yoke, is shown in Figure 1.

ey

B. FINITE ELEMENT SIMULATION AND CALCULATION

Eq. (1) describes a typical equivalent magnetic circuit anal-
ysis method. A permanent magnet is both a magnetic source
and a part of the magnetic circuit. The equivalent magnetic
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FIGURE 1. The rotor structure section.

circuit method is widely used in the initial scheme design,
estimation, or scheme analogy. This method is computation-
ally fast and is easy to analyze. The applications have been
greatly restricted. The application of large-scale integrated
circuits has made rapid progress in computer technology, and
the application of electromagnetic field numerical analysis
methods, particularly the finite element method, has become
increasingly widespread.

This article builds a simulation model based on the actual
parameters of a 25 kW, 4-pole spindle permanent magnet
motor for which the parameters are shown in Table 1. Since
the magnetic permeability of the ferromagnetic material is
much larger than that of air and the magnetic density of the
stator core yoke has not reached the saturation state, the stator
punch is selected, and the circle is the first type of the homo-
geneous boundary. The permanent magnets are magnetized
in parallel. The mesh division at the air gap is reasonably
encrypted. The radial gap and circumferential segmentation
are used to manually control the air gap. The grid size can
render a more accurate calculation result. To facilitate the
subsequent harmonic analysis, the number of circumferential
segments is 1024, the number of model units is 8374, and the
number of the air gap units is 5032, accounting for 60% of
the total. This size not only guarantees the accuracy of the
calculation results but also controls the calculation time and
ensures the feasibility of the calculation. The calculated mag-
netic field distribution and the magnetic density distributions
with and without considering the cogging effect are shown
in Figure 2.

TABLE 1. Parameters of the 25kW PMSM prototype.

Parameters Value Parameters Value
Rated power 25kW Stator core outer diameter ~ 125mm
Pole number 4 Stator core inner diameter ~ 82mm
Rated voltage 273V Rated current 58A

Air gap length 3mm Frequency 1000Hz
Axial length 130mm Thickness of the PM 4.5mm

Figure 3 shows a comparison of the air gap magnetic flux
density waveform with and without reluctance slots. The air
gap flux density waveform is improved to some extent with
the reluctance slots. Therefore, by optimizing the position,

VOLUME 9, 2021

(a) with slot effect

( b)) without slot effect

FIGURE 2. Magnetic field distribution and magnetic density distribution.
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FIGURE 3. Comparison of the air gap flux density waveform.

span and depth of the reluctance slots, a distribution of the air
gap flux density that is close to sinusoidal can be obtained.

C. HARMONIC ANALYSIS AND PARAMETER
OPTIMIZATION

The impact of reluctance slots on the air gap flux density har-
monics can be analyzed by the Fourier analysis of the wave-
form data obtained from different structures. Figure 4 shows
the comparison of the harmonics analysis results where the
air gap magnetic field contains rich harmonics when the
reluctance slot is arranged at two ends of the rotor yoke (such
as that shown in Figure 1).

Although a slight decrease in the amplitude of the funda-
mental wave is observed, the harmonic is greatly weakened,
which is clearly highly beneficial for enhancing the perfor-
mance of the motor.

Many methods can be used to measure the sinusoidal char-
acteristics of the waveforms. In addition to some parameters
that reflect the content of a certain harmonic, the parameters
that focus on the overall performance of the harmonics, such
as the total harmonic distortion (THD) and total harmonic
factor (THF), are of more concern. Because the THD is more
intuitive than the fundamental root mean square (RMS) value,
it is most commonly used in engineering applications. How-
ever, this method also takes into account the harmonic with
integer times of 3 in the three-phase symmetrical windings,
that is the disadvantage of this method.

The sinusoidity of the air gap flux density waveform is
evaluated by calculating the root mean square of the ratio
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FIGURE 4. Contrast diagram of the harmonic analysis.

between the harmonic components G, and the fundamental
component G| which are not greater than a certain order n,
that is, the total harmonic distortion rate. The total harmonic
distortion rate THD can be calculated according to Eq. (2).
Because a harmonic amplitude of more than 20 is quite small
and has relatively little impact on the performance of the
motor, in this paper, only the harmonics of less than 20 are
considered.

@

Figure 5 shows the distribution of the reluctance slots at
the two ends of the rotor yoke, where apys is the permanent
magnet pole arc angle, 61, 62, 6;3 . . . Oy are the 1°¢, 274, 3d
and so on spans from the two ends to the middle, respectively,
and hy1, hyo, hys . . . ey are the 15, 27 3 and so on depths of
the reluctance slots from the two ends to the middle, respec-
tively. All of the tooth spans between the two reluctance slots
are 2 degrees considering the process requirements.

FIGURE 5. The rotor core and magnetic reluctance slot.

We compare the sinusoidal waveform of the air gap mag-
netic density with different structure sizes. According to the
analysis and calculation of the fundamental amplitude and the
THD rate of the magnetic density of the air gap, the scheme
with best comprehensive performance is chosen as the rotor
structure of the motor. The structure sizes and calculation
results of the different schemes are shown in Table 2.

An examination of the data presented in the Table shows
that the position, span and depth of the reluctance slot have
strong influence on the total harmonic distortion rate of the
air gap flux density waveform. The THD of the air gap flux
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TABLE 2. Contrast of the THD with different structures.

Oy, () 6, () h., (mm)  THD (%)
90 0 0 24.37
90 8,52 32,1 15.79
90 10,7,4 432 9.65
90 10,7,4 6,42 8.32
85 0 0 22.29
85 8,52 32,1 14.68
85 10,7,4 432 743
85 10,7,4 64,2 6.36
80 0 0 21.78
80 8,5,2 3,2,1 14.26
80 10,7,4 432 7.38
80 10,7,4 64,2 6.13
75 0 0 21.64
75 8,52 32,1 14.17
75 10,7,4 432 7.15
75 10,7,4 6,42 6.02
70 0 0 22.41
70 8,52 32,1 14.79
70 10,7,4 432 7.42
70 10,7,4 6,42 6.24

density waveform can be greatly reduced by opening the
reluctance slots.

The position and span of the reluctance slot are related,
and this relationship determines the harmonic suppression
effect to a large extent. When the span of the slot is constant,
the harmonic suppression effect will be very limited when
the depth increases to a certain value. The magnetic load
will be reduced as a function of the decrease in the pole arc
length in the permanent magnet. To ensure the power perfor-
mance of the motor when other parameters are unchanged,
the electrical load should increase, but the stator space is
limited and the electric density of the stator is bounded.
Therefore, to ensure the running safety of the motor and meet
the cooling requirements, it is necessary to consider the actual
situation.

The scheme selected in this paper is that the pole arc angle
is 80°, the slot spans are 10°, 7° and 4°, and the slot depths
are 6, 4 and 2 mm, respectively. Under these conditions,
the total harmonic distortion rate of air gap flux density
waveform is 6.13%.

IIl. HARMONIC SUPPRESSION OF THE TOOTH
HARMONIC EMF AND REDUCTION

IN THE TORQUE RIPPLE

A slotted stator produced the air gap magnetic conductivity
and the tooth harmonic EMF; the EMF waveform was saw-
tooth-like. The motor loss is increased and the torque ripple
is produced; the harm is even more obvious for the spindle
motor with high-speed rotation. Therefore, it is necessary to
weaken the tooth harmonic EMF.
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A. SELECTION OF THE POLE-SLOT PROPORTION
The pole-slot proportion is an important factor that affects
the additional loss, additional torque and vibration and noise
characteristics of the PMSM. Therefore, the motor with high
performance requirements should be considered carefully.
The tooth harmonic EMF of the integral slot can be reduced
by short-pitch winding or distributed winding. Figure 6 shows
a comparison of the harmonic fundamental amplitude ratio
between the different pole-slot proportion and different spans,
where z is the number of stator slots, 2p is the number
of poles, and y; is the number of the slots of the winding
span. The 24-4-5 scheme shows a good suppression of each
harmonic and can be used as the first choice for the integral
slot scheme of the motor.

100 +
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FIGURE 6. Harmonic distribution of the integral slot.

Because the winding coefficient of the tooth harmonic
EMF is exactly equal to the winding coefficient of the fun-
damental wave, the tooth harmonic EMF in each coil group
is directly superimposed due to the same phase. Therefore,
there will be strong tooth harmonic in the phase EMF for the
integral slot. The fundamental wave EMF will also be reduced
by the same ratio if the tooth harmonic EMF is reduced
through short-pitch winding or distributed winding [35], [36].

The tooth harmonic EMF of each coil group has a cer-
tain phase offset due to the asymmetrical distribution of the
fractional slot winding. A partial offset exists for the tooth
harmonic EMFs of each coil group with respect to each other
with the superposition of the vector overlay; thus, it has a
very good suppression effect on the tooth harmonic EMF.
However, the fractional slot winding is used to make the
harmonic distribution more abundant than the integer slot
winding that have odd harmonics [27], [37]-[40]. For 4-pole
motors, a large number of sub-harmonics exist for 9, 15,
21, 27, etc. stator slots. Figure 7 shows a comparison of
the harmonic fundamental amplitude ratio with the slot-pole
ratios of 6/4, 18/4 and 36/4. Additionally, it can be more
convenient to use short-pitch winding or distributed winding
to suppress the harmonic by increasing the number of slots.
In this case, the number of windings is increased, and since
the manufacture of windings is more complex, the techno-
logical performance of the motor becomes poor. Therefore,
the selection of the pole-slot proportion should be considered
based on the motor size and process conditions.
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FIGURE 7. Harmonic distribution of the fractional slot.

B. INFLUENCE OF THE SKEWED-SLOT ON THE
HARMONIC EMF AND TORQUE RIPPLE WEAKENING

The skewed-slot process is another effective method for sup-
pressing the tooth harmonic EMF and weakening the torque
ripple. The tooth harmonic EMF of each point in the axial
direction has a certain offset in the same phase when the
slot skew is accepted, greatly decreasing the tooth harmonic
contribution in the total EMF. Then, the torque ripple caused
by the additional torque can be reduced. This effect plays a
highly important role in improving the torque stability of the
permanent magnet motor at a low speed [31], [41], [42].

For the permanent magnet motor, due to the limitations in
permanent magnet processing, the rotor segmented inclined
pole or stator skewed-slot is generally used. The process of
the rotor segmented inclined pole is complex and the torque
ripple weakening effect is relatively poor, so that the stator
skewed-slot method is adopted in this paper.

Figure 8 shows the torque ripple distribution under a pair
of poles when the motor is in a straight slot, skewed half
slot and skewed one slot. It is observed that the skewed-slot
can greatly reduce the torque ripple. The torque ripple
coefficient K can be calculated according to Eq. (3).

_ Ttmax — Tmin

x 100% 3)
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FIGURE 8. Effect of the process of the skewed-slot on the torque ripple.

The calculation shows that the torque ripple coefficient K
is 3.39% when the motor is in the straight slot. The torque
ripple of the skewed half slot and skewed one slot were
reduced to 1.26% and 0.5%, and their decline rates were
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62.9% and 85.1%, respectively. The effect of torque ripple
weakening was apparent.

C. INFLUENCE OF THE END EFFECT ON THE TORQUE
RIPPLE

An edge magnetic field is present near the two ends of the
motor core, making the axial distribution of the air gap flux
density uneven; that is, an end effect exists. When the lengths
of the stator and rotor are equal, a small part of the rotor
flux will enter the stator core from the end face of the stator
due to the end effect. The distribution of the flux is shown
in Figure 9(a).

f \[ \ | = | \ “\\ |
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L ) THHHA

HM m 'i‘JHM])) i/ 7777

Ul ||rﬁrrﬂm#[,/f/,/)/]/7: ( ’Hrmargraﬁ/,////'//
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( a) equal length ( b)) unequal length

FIGURE 9. The end effects.

In some cases, to improve the utilization of materials,
the rotor core length is significantly longer than the stator
core, and the end effect of the air gap magnetic field is
significantly increased. However, due to a change in the stator
end face cogging permeance, a certain torque fluctuation will
be produced. For the motor with a high torque fluctuation
index, the design of a stator core length that is slightly larger
than the rotor core length can largely solve this problem.
The distribution of the magnetic line of force is shown
in Figure 9(b).

By calculating and comparing the end effects of the four
different specifications of surface-mounted permanent mag-
net motors, the relationship between the end flux ¢4 entering
the stator core from the end face of the stator and the ratio of
the length of the stator core exceeding the length of the rotor
core I, to the length of the air gap /g is obtained, as shown
in Figure 10.

It is observed that when [,/ approaches 1, the end face of
the stator that enters the flux of the stator core ¢ is very close
to 0. That is, almost the entire main pole flux enters the stator
core through the air gap, and the torque ripple caused by the
end effect is almost completely eliminated.

IV. PROTOTYPE MANUFACTURING AND EXPERIMENTAL

ANALYSIS

To verify the effectiveness of the proposed harmonic sup-
pression and torque ripple reduction methods for high-speed
permanent magnet spindle motors, a prototype is manu-
factured and the related performance indicators are tested,
as shown in Figure 11. The measured current waveform, back
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FIGURE 11. Prototype and test.

EMF waveform and corresponding harmonic analyses are
shown in Figures 12 and 13.

Harmonic magnitude as a % of the fundamental amplitude

FIGURE 12. Measured current waveform and corresponding harmonic
analysis.

The type test under the rated state is carried out on a high-
speed spindle motor test bench. Due to the lack of torque and
speed sensor suitable for the high-speed spindle permanent
magnet motor in this paper, the test is carried out by the
method of the mechanical back-to-back test. The prototype
is used as the tested motor, and a spindle permanent magnet

VOLUME 9, 2021



H. Zhao et al.: Harmonic Suppression and Torque Ripple Reduction of a High-Speed Permanent Magnet Spindle Motor

IEEE Access

2.4%
2.16%
1.92%

1.68%

1.44%

1.2%
0.96%
0.72%
0.48%
0.24%

0% -..llll.‘-—_-l—-_l_-l—-..—-—..-‘-—_—.-“‘l-—-—.—.-—

LI I
6 1 18 22 26 30 34 38 42 46 50

Harmonic magnitude as a % of the fundamental amplitude

FIGURE 13. Measured back EMF waveform and corresponding harmonic
analysis.

motor with the same parameters is used as the generator.
When the average value of the input power of the tested
motor and the output power of the generator are 25kW, the
difference between them is approximately considered to be
their common loss, and then a part of the power index of the
tested motor is obtained.

The measured data and calculated values are compared
in Table 3. The difference between the measured efficiency
and power factor values and the calculated values are quite
small. Although some errors are obtained, the effectiveness
of the design is verified to a certain extent. The THD of
the measured current waveform is 2.091%, the THD of the
measured back EMF waveform is 2.679%, and the harmonic
weakening effect is also obvious.

TABLE 3. Comparison of the measured data and calculated values.

Efficiency Power Current EMF

% factor THD, % THD, %
Calculated value 91.55 0.986 2.060 2.650
Measured value 91.65 0.990 2.091 2.679
Deviation, % 0.11 0.40 1.48 1.08

V. CONCLUSION

In this paper, based on the structural characteristics of a
high-speed motor, a new type of structure is proposed. The
sinusoidal distributed air gap magnetic density is obtained
by setting reluctance slots on the rotor yoke corresponding
to both ends of the permanent magnet. The processing tech-
nology is relatively simple, and the reliable operation of the
permanent magnet is ensured. The position, span and depth
of the reluctance slot strongly influence the total harmonic
distortion rate of the air gap flux density waveform. The THD
of the air gap flux density waveform can be greatly reduced
by opening the magnetoresistance slot. In this paper, the THD
of the air gap flux density waveform is reduced to 6.13%
when the reluctance slot is set reasonably. The prototype is
manufactured, and a simple test is carried out. Compared with
the experimental and numerical results, the deviation of THD
from the measured current waveform and EMF are 1.48%
and 1.08%, respectively, verifying the effectiveness of the
method. Due to the lack of torque and a speed sensor suitable
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for high-speed spindle permanent magnet motor in this paper,
only a rough test is carried out. Some errors are present due
to the lack of consideration of the difference of the additional
loss between the tested motor and the accompanying motor.
In the future research work, it is necessary to further test and
separate the losses, and carry out a more in-depth analysis.
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