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Abstract: For high-speed permanent magnet machines (HSPMMs), many design schemes of rotor
length—-diameter ratios can satisfy the constraints of multiple physical fields during the motor design
period. The rotor length—-diameter ratio greatly impacts the comprehensive performances of multiple
physical fields. However, these analyses are missing in the existing literature. Therefore, this paper
focuses on the influence of the rotor length-diameter ratio on comprehensive performances. Firstly,
finite element models (FEM) of multiple physical fields are built by ANSYS Workbench platform
and Motor-CAD software. Then, the comprehensive performances of multiple physical fields are
comparatively analyzed. Finally, the designed HSPMM is implemented, based on one prototype of
60 kW, 30,000 rpm to verify the results of comparative analysis. Based on the comparative analysis
above, the influent laws of rotor length—diameter ratios on comprehensive performances of multiple
physical fields are discussed and summarized, which can be used as a reference for the rotor structural
design of HSPMMs.

Keywords: high-speed permanent magnet machines; comprehensive characteristics; comparative;
rotor length—diameter ratio

1. Introduction

In recent years, with the development of electronic devices, high-speed permanent
magnet machines (HSPMMs) access industry and life more and more widely, because
of their excellent electromagnetic performance and simple control characteristics [1-3].
However, when the HSPMMs rotate at high speed, various problems occur, which hinder
the development of HSPMMs, and solving these problems has become a research focus
and hot spot for researchers [4-6]. In the design of HSPMMs, the key structural parameters
and performances must meet the constraints of multiple physical fields, which include
electromagnetic, mechanical, and thermal physical fields [7,8]. However, many rotor shapes
can satisfy the constraints of multiple physical fields, from short and thick to long and thin
with rotor shape, which leads to the uncertain selection of the rotor shape in the design
period. Therefore, the influence of the rotor length—diameter ratio on the comprehensive
performances is worthy of discussion and research. In this paper, the influence of rotor
length—diameter ratio on comprehensive performances is studied and discussed, in order
to obtain better comprehensive performances for HSPMMs.

In the existing literatures, the comprehensive performances of HSPMMs are com-
paratively investigated through key performance parameters. For electromagnetic and
loss properties, some key electromagnetic parameters are comparatively analyzed, such
as line back-EMF at no load, radial air-gap flux density distribution, stator iron-core loss,
permanent magnet loss, air-friction loss, etc. [9,10]. For rotor stress characteristics, the rotor
stresses are calculated, including radial and tangential stresses of permanent magnets, and
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von-Mises stress distributions of sleeve [11]. For rotor dynamics, the rotor mode and critical
speed are simulated [12]. For the thermal behavior, the cooling system and temperature
distribution are investigated according to the designed parameters and calculated loss
characteristics [13]. It can be seen that the design of HSPMMs must meet the needs of com-
prehensive performances of multiple physical fields. For HSPMMs, many rotor shapes can
satisfy all the needs of comprehensive performances, but different rotor length—diameter
ratios have great influence on the comprehensive performances of multiple physical fields.
A shorter and thicker rotor shape can effectively reduce the motor temperature rises and
improve the rotor dynamics’ reliability, but the permanent magnet stress and the sleeve
stress are increased due to the poor centrifugal force of the larger rotor diameter [14,15].
A longer and slender rotor shape can effectively improve the rotor stress, while the rotor
dynamics and thermal characteristics may not be satisfied due to the longer rotor core
length or the smaller rotor diameter [16]. It is clear from the above description that the
rotor length-diameter ratio can affect motor performances, including electromagnetic,
mechanical, and thermal characteristics. Hence, the influence of rotor length—diameter
ratio on comprehensive performances cannot be ignored. In the existing literatures, the
influence of rotor length—diameter ratio on motor performance mainly focuses on the
analysis of single physical fields and the influence of the rotor length—diameter ratio on the
comprehensive performance of multiple physical fields is not clear. To obtain an accurate
relationship between the rotor length—diameter ratio and comprehensive performances,
comparative analysis of multiple physical fields (such as electromagnetic, mechanical, and
thermal) is necessary. The rotor length—diameter ratio should be investigated based on a
comparative analysis of comprehensive performances, which include electromagnetic and
loss characteristics, mechanical strength, rotor dynamics, and thermal performance.

Based on the above analysis, the rotor length-diameter ratio has a great influence on
the comprehensive performances of multiple physical fields. However, the effect has rarely
been focused on in the existing literature, which leads to the uncertain selection of the
rotor length—diameter ratio in the design period of high-speed permanent magnet motors.
Therefore, in this paper, the influence of the rotor length—diameter ratio on comprehensive
performances is discussed and comparatively investigated. Firstly, finite element models of
multiple physical fields are built. Then the influent laws of rotor length—diameter ratio on
comprehensive performances are summarized. Finally, a prototype is manufactured and the
comprehensive performances are experimentally measured. The conclusions obtained can
be used as a reference for the rotor structural design of HSPMMs. The initial electromagnetic
design scheme is introduced in Section 2. In Section 3, the process of comparative analysis is
determined and three cases with representative rotor length-diameter ratios are selected. In
Section 4, the comprehensive performances of these three cases are comparatively analyzed
in detail. In Section 5, the designed HSPMM are manufactured and experiments are
conducted. Finally, the conclusions summarized are drawn in Section 6, and some key
simulation results and the influence of the rotor length—diameter ratio on comprehensive
performances are summarized, which can be used as a reference for rotor structural design
of HSPMMs.

2. HSPMM Structure and Main Performance

In the design of a high-speed permanent magnet motor, electromagnetic performance,
losses, temperature distribution, rotor stress, and rotor dynamics should be considered
comprehensively. It is necessary to analyze the comprehensive characteristics of the motor,
and then the designed motor scheme can meet all needs. In the design process, it is
important to determine the mechanical structure of the motor firstly, because the different
mechanical structures will directly affect other performance of the designed motor [17].

In this paper, a high-speed permanent magnet machine for 60 kW at 30,000 rpm is
designed and the main parameters of the motor can be obtained, as shown in Table 1. A
surface-mounted permanent magnet rotor is designed. To ensure the reliability of rotor
permanent magnets (PMs) rotating at high speed, a carbon fiber sleeve of 5 mm is used to
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improve the rotor stress, and the tensile strength of carbon fiber materials is 1400 MPa. The
stator core is composed of 0.35 mm cold-rolled silicon of low-loss steel.

Table 1. Main parameters of the designed motor for HSPMM.

Parameters Values
Output power (kW) 60
Rated rotating speed (rpm) 30,000
Rated load voltage (V) 380
Rated power factor 0.98
Stator slots 24
Carbon fiber sleeve thickness (mm) 5

3. Initial Comprehensive Characteristics Comparative Analysis for HSPMM
3.1. Comprehensive Comparative Analysis Process for HSPMM

To analyze the influence of main structural parameters on the comprehensive charac-
teristics, a process is presented, as shown in Figure 1.
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Figure 1. Comprehensive characteristics comparative analysis and design process.

Step 1: According to the basic performance parameters and rotor diameter constraints,
the initial structural dimensions are determined. Step 2: The electromagnetic character-
istics of different air-gap lengths are compared and analyzed, and the air-gap length is
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determined. Step 3: The influence of slots/poles combination on the electromagnetic char-
acteristics is analyzed. Step 4: The number of poles is determined through the influence of
the variable number of poles on electromagnetic performance. Step 5: Three cases satisfying
electromagnetic design are selected, mainly considering the difference in rotor shapes. Step
6: The electromagnetic and loss characteristics are comparatively analyzed under three
cases. Step 7: The rotor stresses are comparatively analyzed under three cases. Step 8: The
rotor dynamics are comparatively analyzed under three cases. Step 9: The temperature
distribution is comparatively analyzed under three cases.

3.2. Multiple Physic Fields Constraints

The rotor dimensions of HSPMMs are limited by the electromagnetic, mechanical, and
temperature characteristics. For the electromagnetic performance, the rotor dimensions
must satisfy the electromagnetic load. For the mechanism, the rotor length-diameter ratio
must be within a specific range, so that the rotor will not be damaged by centrifugal force
and resonance. For temperature rises, the heat dissipation design of the motor should
take into account the selected cooling system and working mode, so that the temperature
distribution of the motor is within the constraints. Three aspects restrict each other and
determine the rotor dimensions of HSPMMs. In this paper, the following basic constraints
are determined according to the actual requirements.

1. Geometric constraints: interference fit s = 0.15 mm, the thickness of the sleeve
hgieeve = 5 mm, the thickness of the magnets 7 mm < hpys < 8.5 mm, and the stator
outer diameter D;; = 157 mm.

2. Electromagnetic constraints: the amplitude of the line to line Back-EMF at no-load is
between 500 V and 540 V, and the air-gap magnetic flux density is between 0.4 T and
0.6 T. The output power in the rated load is P+ > 60 kW, the thermal load required
AJ <200 A% /mm?3(determined by experience).

3. Strength constraints: the tensile strength of permanent magnet should be less than
80 MPa, and the tensile strength of carbon fiber sleeve should be less than 1400 MPa.
Safety margins should be considered in the engineering, so the tensile strength lim-
itation of the permanent magnet at rated speed is 64 MPa, and the tensile strength
limitation of the sleeve at rated speed is 1100 MPa.

4.  Critical speed constraints: the rated speed of the rotor is required to be less than
0.7 times the first-order critical speed.

5. Thermal constraints: the limited maximum working temperature of the HSPMM is
130 °C, and stator housing water cooling system is adopted.

3.3. Influence Analysis of Main Parameters on Electromagnetic Performance
3.3.1. Air-Gap Length

For different air-gap lengths, the electromagnetic performance of the motor is analyzed,
such as the air-gap lengths of 0.5, 1.5, 2.0, and 3.0 mm. In this analysis, rated output power
is maintained, and the thickness of the permanent magnet is increased with the increase of
air-gap length. The permanent magnet thickness and electromagnetic characteristics are
shown in Table 2.

Table 2. Electromagnetic characteristics under different air-gap lengths.

Case 1 2 3 4
Air-gap length (mm) 0.5 1.5 2.0 3.0
Magnet thickness (mm) 6.5 8 8.8 13
No-load line back-EMF (V) 500.93 497.70 490.46 488.13
RMS current (A) 94.35 95.25 95.13 94.21
Cogging torque (%) 2.70 2.20 1.93 1.67

Efficiency (%) 97.09 97.05 97.01 96.94




Energies 2022, 15, 5256

50f21

The radial air-gap flux density distribution with the mechanical angle under no load
and rated load is shown in Figure 2. The amplitude of the radial air-gap flux density is
mainly affected by the air-gap length, and the impact of the air-gap length on harmonic
order and the distribution of the radial air-gap flux density of the motor is little.
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Figure 2. Radial air—gap flux density under no load and rated load: (a) no-load; (b) rated-load.

The rotor eddy-current losses under no load and rated load with different air-gap
lengths are shown in Figure 3. It can be shown that the air-gap length is smaller and the
rotor eddy-current loss is larger because a smaller air-gap length will cause more current
harmonics to enter the rotor, resulting in more rotor eddy-current losses. As the air-gap
length increases, more current harmonics will be shielded, so the rotor eddy-current losses
gradually decrease. When using a smaller air-gap length, the dosage of magnets is smaller,
while the rotor eddy-current loss is larger. When using a larger air-gap length, the dosage
of magnets is larger, and the rotor eddy-current loss is smaller.
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Figure 3. Rotor eddy-current losses on the magnets under no load and rated load: (a) no-load;
(b) rated load.

Therefore, the air-gap length is a compromise between rotor eddy-current losses and
electromagnetic performance. Although the rotor eddy-current loss is smallest under the
3.0 mm air-gap length, electromagnetic performance cannot be guaranteed, especially for
the no-load back-EME. The rotor eddy-current losses of the 0.5 mm and 1.5 mm air-gap
lengths are larger, which ultimately lead to a higher motor temperature rise. According
to the level of influence of the air-gap length on rotor eddy-current loss in Figure 4, rotor
eddy-current loss decreases gradually with the increase of air-gap length. Electromagnetic
performance and the rotor eddy-current loss are comprehensively considered and the
air-gap length of 2 mm is selected as a compromise solution.
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Figure 4. Effect of air-gap length on rotor eddy-current losses under no load and rated load.

3.3.2. Slots/Poles Combination

The slots/poles combination will affect the winding factor and the cogging torque
period. Therefore, the impact of slots/poles combination on electromagnetic characteristics
is not ignored.

The winding factor, cogging torque period, and load power frequency with different
pole numbers are discussed in Table 3. Because of the same minimum common multiple of
the poles and slots, the cogging torque period is the same. However, the stator winding
factors of two-pole and four-pole motors are 0.949, and 0.933, respectively, indicating the
high stator windings utilization ratios of two-pole and four-pole motors. When the power
frequency is high, it will greatly increase the stator iron-core loss and rotor eddy-current
loss. Therefore, in the HSPMMs, a large power-supply frequency should not be used. In
conclusion, this paper adopts 24 slots and two poles or four poles in the designed motor.

Table 3. Electromagnetic performance comparative analysis under different slots/poles combination.

Slots/Poles Slot per Pole per Phase Pole Pitch/Pitch Winding Factor Cogging Torque Period Load Frequency
24/2 4 12/11 0.949 24 500 Hz
24/4 2 6/5 0.933 24 1000 Hz
24/6 4/3 4/3 0.885 24 1500 Hz
24/8 1 3/1 0.5 24 2000 Hz

3.3.3. Number of Poles

The number of poles plays a major role in HSPMMs performance. Electromagnetic
characteristics of two-pole and four-pole motors under no load and rated load are analyzed.
In Figure 5, for the two-pole motor, the magnetic flux density of stator yoke is greater
than 1.8 T, which makes the stator yoke saturated under the same stator outer diameter of
157 mm. Therefore, the stator outer diameter of the two-pole motor should be expanded.
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Figure 5. Magnetic flux density and lines distributions of two-pole motor with the stator outer
diameter 157 mm.
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The stator outer diameter of the two-pole motor must be expanded to the stator yoke
non-saturation. The main structural parameters of the two-pole motor and the four-pole
motor are compared, as shown in Table 4. The stator outer diameter of the two-pole motor
is extended by 15% over the four-pole motor, ensuring basic electromagnetic characteristics.

Table 4. Structural parameters of two-pole and four-pole motors for HSPMM.

Parameters Two-Pole Four-Pole
Power (kW) 60 60
Speed (rpm) 30,000 30,000
Frequency (Hz) 500 1000
Slot number 24 24
Stator outer diameter (mm) 181 157
Stator inner diameter (mm) 89 89
Rotor outer diameter (mm) 86 86
Effective core length 110 110

Electromagnetic characteristics of two-pole and four-pole motors are shown in Table 5.
Although the four-pole motor has almost double stator iron-core loss density compared to
the two-pole motor, the stator iron-core loss of the four-pole motor has almost 3/2 times
that of the two-pole motor, as they have different iron volumes.

Table 5. Electromagnetic characteristics comparison of two-pole motor and four-pole motor for
HSPMM under rated load.

Parameters Two-Pole Four-Pole
RMS current (A) 95.38 95.25
Line back-EMF (V) 497.83 497.70
Torque (Nm) 19.10 19.11
Stator-teeth flux density (T) 1.04 1.04
Stator-yoke flux density (T) 1.31 1.31
Thermal load (A%Z/mm?) 168.8 162.07
Power density (kW /kg) 2.66 4.10
Materials of stator DW310-35 DW310-35
Iron loss density (W /kg) 20.28 41.85
Stator-core loss (W) 457.581 611.792

The two-pole and four-pole motor are compared and analyzed from the stator yoke
magnetic flux density distribution, rotor eddy current, winding end length, radial air-gap
flux density distribution, and line-to-line back-EMF.

In Figure 6, the maximum values of flux densities are basically the same for the
two-pole and the four-pole motors, which are about 1.38 T in the stator yoke. However,
the stator outer diameter is 157 mm for the four-pole motor and 181 mm for the two-pole
motor, thus the utilization of the stator-yoke material is higher for the four-pole motor. The
four-pole motor allows the smaller dimensions and an improved material utilization ratio.

Rotor eddy-current loss in permanent magnets is part of the cause of motor tempera-
ture rise. Rotor eddy-current density distribution on permanent magnets of the two-pole
and the four-pole motors is shown in Figure 7. Obviously, the rotor eddy current of the
two-pole motor is much higher than that of the four-pole motor. According to the 2D-FEA
calculation, the rotor eddy-current loss of the four-pole motor is 31.52 W, which is lower
than the 235.56 W of the two-pole rotor. The four-pole motor is formed by an arrangement
of four magnets, and the two-pole motor consists of two magnets.
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Figure 6. Magnetic flux density and lines distributions of two-pole and four—pole motors at no-load:
(a) two-pole motor; (b) four-pole motor.
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Figure 7. The rotor magnet eddy-current density distribution of two-pole and four-pole motors under
rated load: (a) two-pole motor; (b) four-pole motor.
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The winding end length of the two-pole motor is longer than that of the four-pole
motor, because the stator winding coils of the two-pole motor have a larger pitch than that
of the four-pole motor. The stator weights and coils” half-turn lengths of two-pole and
four-pole motors are compared in Table 6. According to the comparison in Table 6, the coils’
half-turn length of the four-pole motor is much shorter than that of the two-pole motor,
and the weight and material consumption are much smaller than that of the two-pole
motor. The radial air-gap flux density distribution with the mechanical angle and Fourier
transforms results for the two-pole and the four-pole motors are shown in Figures 8 and 9.

Table 6. Structure parameter value comparison of stator winding coils for HSPMM.

Parameters Two-Pole Motor Four-Pole Motor
Coils half-turn length (mm) 299.492 197.258
Total winding weight (kg) 22.5634 14.6193
Armature core steel consumption (kg) 24.1621 17.4648

The fundamental amplitude of radial air-gap flux density of thefour4-pole motor is
better, and the odd harmonic amplitude is lower than that of the two-pole motor. The
amplitudes of the 11th and 13th harmonics of the four-pole motor are larger than that of
the two-pole motor, because the two-pole motor adopts a shorter pitch winding, which
weakens the 11th and 13th harmonics.

At rated load, the radial air-gap flux density distribution of two-pole and four-pole
motor is almost the same at no load. However, at rated load, the fundamental amplitude of
radial air-gap flux density of the four-pole motor is much greater than that of the two-pole
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motor, which can provide a higher air-gap flux density to ensure the motor generates
sufficient electromagnetic torque.
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Figure 8. Radial air-gap flux density of two-pole and four—pole motors under no load: (a) radial
air-gap flux density with mechanical angle; (b) Fourier transforms.
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Figure 9. Radial air-gap flux density of two-pole and four-pole motor under rated load: (a) radial
air-gap flux density with mechanical angle; (b) Fourier transforms.

The line-to-line back-EMF and the Fourier transforms results of two-pole and four-pole
motors at no-load are shown in Figure 10. It can be found that the line-to-line back-EMF
waveform of the two-pole motor is the flat-top wave, because the fifth and seventh har-
monics amplitudes of the line-to-line back-EMF of the two-pole motor is higher, and
the fundamental amplitude of the two-pole motor is slightly greater than that of the
four-pole motor.
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Figure 10. Line to line back—EMEF of two-pole and fours-pole motor at no load: (a) line to line
back-EMF waveform; (b) Fourier transform.

Based on the above analysis, for electromagnetic performance between two-pole and
four-pole motors, the following results can be obtained.
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e  For atwo-pole motor, due to the stator core’s magnetic saturation, the motor dimension,
coils length, and the total weight are larger than those for a four-pole motor. It
is reasonable to consider a four-pole motor for the strict requirements on motor
size applications.

e  For the stator-core loss, a four-pole motor is larger than that of a two-pole motor, and
the main reason is the lower load frequency for the four-pole motor.

e  For the rotor eddy-current density, rotor eddy-current loss of the four-pole motor is
31.52 W, which is much lower than the 235.56 W of the two-pole rotor.

e  For the radial air-gap flux density, the fundamental amplitude of a two-pole motor
is lower than that of a four-pole motor, and the high-order harmonic amplitudes of a
two-pole motor are greater than that of a four-pole motor.

e  For the line-to-line back-EMF, the waveform of a four-pole motor is more sinusoidal.
The fifth and seventh harmonic amplitudes of the line-to-line back-EMF of a two-pole
motor are much larger than those of a four-pole motor.

3.3.4. Permanent Magnetic Materials

At present, permanent magnetic materials of HSPMMs are SmCo permanent magnet
and NdFeB permanent magnet. Permanent magnetic materials usually have low me-
chanical strength and high thermal sensitivity. The permanent magnetic material SmCo
has better temperature stability, while NdFeB has the low bending strength, low tensile
strength, and compressive strength. Compared to SmCo permanent magnet, the permanent
magnetic material NdFeB has poorer temperature stability, but the better magnetic property,
better mechanical properties, and the lower price. The performances of the two permanent
magnetic materials are shown in Table 7. To ensure the mechanical strength of the rotor,
permanent magnet NdFeB is used.

Table 7. Performance of permanent magnet materials for HSPMM.

Parameters NdFeB SmCo
Residual flux density <147T 085 T~115T
Coercive force <1200 kA/m <800 kA/m
(BH)max <398 kJ /m? <258.6 kJ/m®
Density (kg/m?3) 7400 8300
Thermal conductivity (W/(m - K)) 8.9 11
Poisson ratio 0.27 0.24
Working temperature <150 °C <300 °C
Coefficient of the remanent —(0.095~0.15)%/K —(0.03~0.09)%/K
Tensile strength (MPa) 80 35

3.4. Comprehensive Comparative Analysis Schemes for Rotor Shape

For the requirements of electromagnetic performance, some designers design the rotor
short and thick, and some designers design the rotor long and thin. The length—diameter
ratio of the rotor is defined as A = Lef/ D,.

There are few studies in the literature on the influence of the length—diameter ratio on
the multiple physical characteristics of the motor. In this paper, under the constraints of
the multiple characteristics, three design cases are selected for comprehensive comparative
analysis. Case 1 has the rotor shape of short and thick, and the length—diameter ratio is
smallest. Case 3 has the rotor shape of long and thin, and the length—diameter ratio is
biggest. Case 2 is an intermediate state between the rotor shapes of Case 1 and Case 3. The
structural parameters of the rotor shape for the three cases are shown in Table 8.
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Table 8. Structural parameters of the rotor shape for HSPMM under three cases.

Parameters Case 1 Case 2 Case 3
Effective core length (mm) 55 110 200
Air-gap length (mm) 2 2 2
Stator outer diameter (mm) 203.6 165.4 131.1
Stator inner diameter (mm) 114 92.6 734
Rotor outer diameter (mm) 110 88.6 69.4
Length—diameter ratio 0.5 1.24 2.88
Sleeve thickness (mm) 5 5 5
Slots/poles combination 24/4 24/4 24/4

4. Comprehensive Comparison for Rotor Shape
4.1. Electromagnetic and Losses Characteristics Analysis

The two-dimensional finite element model (2D-FEM) is established for the HSPMM
with three rotor shapes. The magnetic flux density distribution and flux line distribution
are calculated for the rated load condition, as shown in Figure 11. In Case 1, the magnetic
flux density is the highest, which is about 1.72 T. The magnetic flux density of the motor in
Case 2 is the lowest, which is about 1.38 T. For Case 3, the magnetic flux density is about
1.506 T. If the magnetic flux density is too high, the iron core would be saturated, and the
iron-core loss and temperature rise increased.
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Figure 11. Magnetic flux density and lines distributions under different cases at rated load: (a) Case 1;
(b) Case 2; (c) Case 3.

The line-to-line back-EMF and its Fourier transform results in three cases under
no-load conditions are shown in Figure 12. In Case 1, the fundamental amplitude is slightly
lower, and the 5th and 11th harmonics are slightly higher. Case 2 and Case 3 are the same.
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Figure 12. The line to line back-EMF and its Fourier transforms under the three cases at no load:
(a) line to line back-EMF waveform; (b) Fourier transform results.
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The radial air-gap flux density with mechanical angle waveform and Fourier trans-
forms results are compared and analyzed for the three cases under the no load and rated
load, as shown in Figure 13. The fundamental amplitude of Case 1 is the biggest, while the
corresponding high-order harmonics amplitude is also highest. The fundamental ampli-
tude of Case 2 is lower than Case 1, while the amplitude of the high-order harmonics is
also smaller than Case 1. In Case 3, the fundamental amplitude is about 0.46 T, which is
smallest and is not conducive to the electromagnetic performance of the motor.
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Figure 13. Radial air-gap flux density and Fourier transforms under three cases at no load and rated
load: (a) radial air-gap flux density at no load; (b) Fourier transforms results at no load; (c) radial
air-gap flux density at rated load; (d) Fourier transforms results at rated load.

4.2. Losses Comparative Analysis
4.2.1. Rotor Eddy-Current Loss Comparative Analysis

The rotor eddy-current density in the three rotor shapes at rated load is shown in
Figure 14. It can be found that the rotor eddy-current density on the permanent magnets in
Case 3 is the smallest, and the rotor eddy-current density on the permanent magnets in
Case 1 is the largest. Rotor eddy-current losses of the permanent magnets are calculated,
as shown in Figure 15. The rotor eddy-current loss in Case 1 is the highest, which is
about 121.4 W, indicating that the rotor temperature rises in Case 1 would be serious.
Case 3 has smallest rotor eddy-current loss, which is about 5.7 W. Obviously, as the rotor
length—diameter ratio grows, the rotor eddy-current loss decreases.
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Figure 14. Rotor eddy-current density in three cases at rated load: (a) Case 1; (b) Case 2; (c) Case 3.
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Figure 15. Eddy-current losses in the three cases at rated load.

4.2.2. Stator Iron-Core Loss Comparative Analysis

The stator iron-core losses calculation results under the three cases are shown in
Figure 16. According to Berttoti’s discrete model of iron-core losses, the iron-core losses are
related to the amplitude and frequency of magnetic flux density in the stator core. From
the magnetic flux density distribution in Figure 11, the magnetic flux density amplitude of
the stator yoke in Case 3 is the highest, so the iron-core loss is the largest.
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Figure 16. Stator iron-core losses in the three cases at rated load.

4.2.3. Air-Friction Losses Comparative Analysis

The rotor surface linear velocity of HSPMMs is higher, air-friction loss is larger than
that of the low-speed motor. Air-friction loss of HSPMMs has a large influence on the
design of the rotor shape structure and motor temperature rise. Air-friction loss calculation
values of the three cases are shown in Figure 17. It can be found that the bigger the rotor
diameter, the larger the air-friction loss at rated speed.
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Figure 17. Air-friction losses in the three cases at rated speed.

4.3. Rotor Stress Characteristics Analysis
4.3.1. Rotor Stress Comparative Analysis at a Cold State

In this paper, 3D-FEM are established for the stress of permanent magnets and sleeve
under three cases. The radial and tangential stress of permanent magnets and the Von-Mises
stress of the sleeve at a cold state are obtained. Figure 18 shows the Von-Mises stress dis-
tribution diagram of the sleeve. It can be found that the Von-Mises stress of the sleeve
decreases with the decrease in the rotor diameter at a cold state, and the results are consis-

tent with the theoretical analysis.

Figure 18. Sleeve Von-Mises stress distribution under the three cases at rated speed at a cold state:
(a) Case 1; (b) Case 2; (c) Case 3.
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Figure 19 indicates the tangential stress distribution of permanent magnets. It can be
found that the tangential stress of permanent magnets in Case 1 is the highest at 40.246 MPa
in a cold state. The tangential stress of permanent magnets in Case 3 is the lowest at
8.74 MPa in a cold state. The tangential stress of permanent magnets is mainly related to
the interference fit. When the interference fit increases, the assembly of permanent magnets
becomes closer, and its tangential stress decreases correspondingly. However, excessive
interference fit would increase the radial pressure of permanent magnets and increase the
technology assembly and manufacturing difficulty.
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Figure 19. Permanent magnets tangential stress distribution under the three cases at rated speed at a
cold state: (a) Case 1; (b) Case 2; (c) Case 3.
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The radial stress diagram of the permanent magnets under the three cases is shown
in Figure 20. The radial stress of permanent magnets indicates the centrifugal force of the
permanent magnets when the rotor is rotating at the rated speed. It can be found that the
stress at the periphery of the permanent magnets is minimal, due to the radial pressure
exerted by the sleeve on the permanent magnets and the centrifugal force of the rotor
canceling each other out.
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Figure 20. Permanent magnets radial stress distribution under the three cases at rated speed at a cold
state: (a) Case 1; (b) Case 2; (c) Case 3.

4.3.2. Rotor Stress Comparative Analysis at a Hot State

For the three cases, the Von-Mises stresses of sleeve, tangential stress, and radial
stress of permanent magnets are comparatively analyzed at a hot state. The Von-Mises
stress distribution of the sleeve is shown in Figure 21, the tangential stress distribution of
permanent magnets is shown in Figure 22, and the radial stress distribution of permanent
magnets is shown in Figure 23. At the hot state, it can be found that the radial and
tangential stress of magnets increase with the temperature rise, while the carbon fiber sleeve
Von-Mises stress did not change, indicating that the thermal stability of the permanent
magnets is poorer, and the performance of the permanent magnets is strongly influenced
by temperature rise. According to the stress calculation results at a hot state, the tangential
stress of permanent magnets under Case 1 is 87.5 MPa, which has exceeded the thermal
constraints. Therefore, the rotor shape of Case 1 cannot meet the constraints of rotor stress.
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Figure 21. Sleeve Von—Mises stress distribution under the three cases at rated speed in a hot state:
(a) Case 1; (b) Case 2; (c) Case 3.
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Figure 22. Permanent magnets’ tangential stress distribution under the three cases at rated speed at a
hot state: (a) Case 1; (b) Case 2; (c) Case 3.
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Figure 23. Permanent magnets’ radial stress distribution under the three cases at rated speed at a hot
state: (a) Case 1; (b) Case 2; (c) Case 3.

From the above rotor stresses analysis under the cold and hot state, it can be found that
as the rotor length-diameter ratio increases, the rotor outer diameter gradually decreases,
thus the rotor stress gradually decreases, indicating that the mechanical reliability of the
rotor gradually increases.

4.4. Rotor Dynamics Characteristics Analysis

When the high rotor speed of HSPMMs reaches its critical speed, the rotor would
resonate and damage the rotor. To avoid resonance, the rated speed of the rotor should be
less than 0.7 times the first-order critical speed.

The first-order critical speed of the rotor is related to the diameter and length of
the rotor. For case 1, D,/Lff = 2.5 x 1072, for case 2, Dr/Lgf = 5.12, and for case 3,
Dy/L3 =12 x107°.

The supporting stiffness of the rotor is set as 3.5 x 10* N/mm. Modes of oscillation
are obtained by the 3D-FEM calculation. Figure 24 shows the first order and second order
modes of the rotor for Case 1, Case 2, and Case 3. It is found that the first critical speed of
the rotor is 43,800 rpm for Case 1, 168,220 rpm for Case 2, and 44,663 rpm for Case 3, which
indicates that the rotor dynamics meet the stability requirements for the three cases, and
smaller and larger length-diameter ratios may cause the rotor to resonate more easily.
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Figure 24. Rotor dynamic characteristics under the three cases: (a) first-order mode for Case 1;
(b) second-order mode for Case 1; (c) first-order mode for Case 2; (d) second-order mode for Case 2;
(e) first-order mode for Case 3; (f) second-order mode for Case 3.
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4.5. Thermal Characteristics Analysis for Three Cases

In this paper, the housing water cooling system is used for heat dissipation design.
The cooling system must ensure the safe operation and lifetime of the designed motor. The
maximum tolerable temperature of the permanent magnets is limited to less than 130 °C to
increase the reliability. Furthermore, the maximum winding temperature is set to 130 °C to
increase the service life of the HSPMM.

To meet the temperature constraints, a housing water cooling system is designed
for the motor. The water duct cools the motor through the spiral waterway on the stator
housing. The distribution of spiral ducts is shown in Figure 25. In this design, the cooling
water temperature and the ambient temperature are both 30 °C, and the water flow rate is
set to 2m3/h.

Cooling ducts

Stator core

Shaft

Figure 25. Spiral water ducts for designed motor stator housing cooling system.

The temperature distribution and comparison of the stator windings, stator cores, and
permanent magnets are shown in Figures 26 and 27. For the three cases, the maximum
temperatures of the winding and rotor are lower than the limiting temperature values.
However, the temperature of permanent magnets of Case 1 is slightly lower than that
in the other two cases. When the motor temperature requirements are extremely strict
and the cooling system is also limited, the smaller rotor length—diameter ratio design can
reduce the permanent magnet temperature slightly. In Figure 27, it can be found that as the
rotor length—-diameter ratio increases, the temperature of stator reduces gradually, and the
temperature of rotor increases.
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Figure 26. The temperature distribution under the three cases at rated speed: (a) Case 1; (b) Case 2;
(c) Case 3.
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Figure 27. The temperatures on the different positions under the three cases at rated speed.

5. Prototype and Experimental Tests

Based on the above analysis, Case 2 can satisfy the comprehensive performance con-
straints best, so Case 2 is selected as the final design parameters of the 60 kW at 30,000 rpm
HSPMM. Then, a prototype is manufactured, as shown in Figure 28. Electromagnetic and
thermal tests are also measured, including the power, back-EMEF, and winding temperature,
as shown in Table 9.

Figure 28. Prototype.

Table 9. Structure parameters of the rotor shape for HSPMM under the three cases.

Parameters Measurement Calculation
Power (kW) 60 60
Back-EMF (V) 520 523
Stator winding temperature (°C) 60.9 56.7

The line-to-line back-EMF of no-load operation is measured with the prototype driven
by another motor. The measured peak-to-peak value of line-to-line back-EMF at 30,000 rpm
is 520 V, which is nearly the same as the designed voltage. The stator windings temperature
at rated load is measured by the Pt100 resistance temperature detectors installed in the
stator slots. It can be found that the temperature of the measured windings is 60.9 °C, which
is close to the FEM calculation results of 56.7 °C. Obviously, for the designed HSPMM, the
measured value of electromagnetic performance and temperature characteristics are close
to the calculated results, to satisfy the electromagnetic and thermal constraints.

In addition, the prototype is shown to work at the rated speed for a long period. There
is no damage to the rotor, which indicates that the design of the HSPMM is also reasonable
and that the designed motor satisfied all the comprehensive performance constraints in the
actual industry.

Overall, the experimental prototype tests show that the designed motor meets all
physical field constraints, including electromagnetic, mechanical, and thermal charac-
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teristics, and as this paper proposed, the influent law of rotor length—diameter ratio on
comprehensive characteristics is beneficial for the HSPMMs.

6. Conclusions

For the high-speed permanent magnet machines design, many rotor shape schemes
can satisfy the multiple physical fields” comprehensive performances. A variety of rotor
length—diameter ratios are available, from stubby to slender. However, different rotor
length—diameter ratios impact on multiple physical fields” performances. The effect of rotor
length—diameter ratio on multiple physical fields’ comprehensive performances have rarely
been focused on in the existing literature, which leads to an uncertain selection of the rotor
length—diameter ratio in the design period of high-speed permanent magnet motors.

In this paper, finite element models of electromagnetic properties, rotor stresses,
rotor dynamics, and temperature are built by the corresponding finite element analysis
software, and the multiple physical fields performances are analyzed numerically and
comprehensively comparatively analyzed through the finite element models.

The following key simulation results can be drawn from a comprehensive compara-
tive analysis.

e  When keeping the same stator outer diameters for the two-pole motor and four-pole
motor, the stator yoke of the two-pole motor is magnetically saturated. The stator outer
diameter of the two-pole motor is enlarged by 15% to avoid the magnetic flux density
of stator-core saturation. The stator coils half-turn length of the four-pole motor is
197.258 mm, which is much shorter than the 299.492 mm of the two-pole motor. Rotor
eddy-current loss of the four-pole motor is 31.52 W, which is much lower than the
235.56 W of the two-pole rotor. Compared to the two-pole motor, the four-pole motor
has the higher power density.

e  With the smallest rotor length—-diameter ratio, Case 1 has the largest rotor eddy-current
loss (121.4 W), lowest core loss (720.8 W), and largest air-friction loss (115.7 W). With
the largest rotor length—diameter ratio, Case 3 has the smallest rotor eddy-current loss
(5.7 W), highest core loss (923.3 W), and smallest air-friction loss (78.0 W).

o  For the three design cases, Case 1 has the smallest rotor length—diameter ratio and
the largest rotor outer diameter, and thus the sleeve stress and permanent magnet
tangential and radial stresses are both the largest regardless of operating in cold and
hot states, which are 259 MPa, 7.71 MPa, and 33.051 MPa for the cold state, and
384 MPa, 37.1 MPa, and 48.02 MPa for the hot state. Case 3 has the largest rotor
length—diameter ratio and the smallest rotor outer diameter, and thus has the smallest
sleeve stress and permanent magnet tangential and radial stresses in both the cold
state and the hot state, which are 185.95 MPa, 1.64 MPa, and 14.881 MPa for the cold
state, and 216.32 MPa, 3.98 MPa, and 31.745 MPa for the hot state.

e  The influence of the rotor length—diameter ratio on rotor dynamics performance is
compared and investigated. The first critical speed of the rotor is 43,800 rpm for Case 1,
68,220 rpm for Case 2, and 44,663 rpm for Case 3.

e  The temperatures of the stator windings for the three cases are 86.3 °C, 56.7 °C, and
50.8 °C, respectively. The temperatures of permanent magnets for the three cases are
84.2 °C, 116.3 °C, and 126.3 °C, respectively.

In this paper, the analysis results show different rotor length—diameter ratios greatly
influence multiple physical fields” comprehensive performances, and these influent laws
are crucial to the design of high-speed permanent magnet motors. Thus, in the design
period of high-speed permanent magnet machines, the influence of rotor length-diameter
ratio on multiple physical fields” comprehensive performances should be considered and in-
vestigated, in order to obtain better multiple physical fields” comprehensive performances.

In order to verify the theoretical analysis, based on the comprehensive characteristics
comparative analysis results, one 60 kW at 30,000 rpm HSPMM is designed. Multiple
physical fields” comprehensive comparative analysis results are tested through prototype
experiments. The RMS value of the no-load line back-EMF during rated operation is
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520 V, which is very close to the calculated result 523 V and the stator winding stabilized
temperature is 60.9 °C, which agrees with the analysis result 56.7 °C. The analytical method
is confirmed by the experimental results of the prototype.

In the existing literature, for high-speed permanent magnet motor design, the influ-
ence of rotor length—diameter ratios on multiple comprehensive physical performances
is not usually considered, so the rotor shape can be designed in various forms, such as a
short and thick rotor or long and thin rotor. However, different comprehensive physical
properties are produced by different rotor shapes, which are very important for the design
of high-speed motors. In this paper, the influence of rotor length—diameter ratio on the
comprehensive performance of multiple physical fields is considered and investigated,
which includes electromagnetic characteristics, losses properties, rotor stresses distribu-
tions, rotor dynamics, and thermal behavior. Through comprehensive comparative analysis
of different rotor length—diameter ratios, the following conclusions can be obtained, which
have not been proposed in the previous literatures.

e  For the electromagnetic characteristics, as the rotor length—diameter ratio goes up,
the fundamental amplitude of the no-load line back-EMF increases gradually and the
fundamental and high-order harmonical amplitudes of the no-load and rated-load
radial air-gap flux density decreases.

e  For the loss properties, as the rotor length—diameter ratio grows, the rotor eddy-current
loss decreases, the stator-core loss increases, and the air-friction loss decreases.

o  For the rotor stresses’ distributions, as the rotor length—diameter ratio increases, the
rotor outer diameter gradually decreases, thus the rotor stress gradually decreases,
indicating that the mechanical reliability of the rotor gradually increases.

e  For the rotor dynamics, smaller and larger length—diameter ratios may cause the rotor
to resonate more easily.

e  For the thermal behavior, as the rotor length—diameter ratio increases, the temperature
of stator reduces gradually, and the temperature of rotor increases.

Based on the analysis above, it can be concluded that the influence of the rotor
length—diameter ratio on multiple comprehensive physical performances cannot be ignored
and different rotor length—diameter ratios greatly impact on the multiple comprehensive
physical performances of HSPMMs. The conclusions obtained in this paper can be used as
a reference for rotor structural design of HSPMMs.

In this paper, the destructive experiments usually performed to test rotor stresses
could not be directly tested on to the rotor at high-speed rotation, due to the limitation
of the test equipment. Thus, the reliability of the rotor is indirectly verified through the
long-term operation of the HSPMMs.

In the future, to provide more valuable conclusions, the rotor length—diameter ratio
should be further optimized by adopting an optimization analysis method, based on a cou-
pled multi-physics performance, which could achieve a better multi-physics performance
of the HSPMM:s.
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Nomenclature

Os Interference fit.

Ngjeeve  The thickness of the sleeve.

hpm The thickness of the permanent magnet.
Dis Stator outer diameter.

Pyt Output power at the rated load.

AJ Thermal load.

1 Air-gap length.

B Magnetic flux density.

] Current density.

A Rotor length-diameter ratio.
Les Effective core length.

D, Rotor outer diameter.
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