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Abstract: At present, most of the existing research on low-speed permanent magnet motors (LSPMMs)
focuses on the surface-mounted type. There are few other rotor structures, and there is no compre-
hensive comparison of several widely used rotor structures. A comprehensive comparison of three
different rotor structures for low-speed mining motors is carried out, including electromagnetic and
loss characteristics, permanent magnet consumption, temperature distribution, etc. Firstly, three rotor
structures of a 500 kW, 60 rpm low-speed motor are introduced, and the initial design parameters are
determined. Secondly, the influence of each rotor design parameter on the electromagnetic character-
istics is analyzed. Next, the electromagnetic optimization of the three rotor structures is carried out,
and the motor performance of the three rotor structure optimization schemes is compared, including
electromagnetic performance, permanent magnet consumption, motor temperature distribution, etc.
Finally, in order to verify the correctness of the theoretical analysis, a prototype is made and tested
based on the above analysis. The results show that for the electromagnetic characteristics, when the
motors with three different rotor structures meet the performance requirements, the no-load line
back-EMF of the inset surface-mounted motor is the lowest, but the back-EMF harmonic content of the
inset surface-mounted motor is the highest. The copper loss of the spoke-type motor is the smallest,
the efficiency is the highest, and the power factor is the lowest. In addition, the surface-mounted
motor has the least consumption of permanent magnets and is more economical. Regarding the
temperature distribution, when the same heat dissipation system is used, the temperature of the
spoke-type motor with minimum copper loss is the lowest.

Keywords: low-speed and high-torque permanent magnetic motor; rotor structure; pole-slot
combination; optimum design of rotor structure

1. Introduction

Compared with asynchronous induction motors, low-speed and high-torque direct-
drive permanent magnet synchronous motors have the advantages of large torque, high
efficiency, low vibration noise, and green energy saving. Thanks to this, low-speed and
high-torque transmission systems have extremely wide application prospects in industrial
production, oilfield exploitation, wind power generation, port lifting, and ship propul-
sion [1]. However, for low-speed high-torque permanent magnet direct-drive motors, the
number of poles and slots is usually large, the rated frequency is sometimes low, and the
distortion of the air gap magnetic field is serious. In addition, for low-speed motors, the
output harmonic component from the frequency conversion controller increases at low
frequency. At the same time, different pole—slot combinations greatly affect the harmonic
content of the air gap magnetic field of the motors, thus affecting the cogging torque of the
motor. Therefore, selecting the appropriate slot—pole matching scheme is a major problem
in the design process of low-speed high-torque direct-drive motors. Even if the ratio of the
ripple to the rated torque is small, the actual torque ripple amplitude is large because the
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output torque is large when the speed is low [2]. On the one hand, it affects the control
accuracy of the direct drive transmission system. On the other hand, a large torque ripple
may cause rigid fatigue of the motor shaft, air gap eccentricity, and other faults, shortening
the service life of the transmission system [3,4]. Therefore, a key problem in the design and
optimization of low-speed high-torque direct-drive motors is selecting a suitable scheme to
weaken the pulsating torque of low-speed high-torque direct-drive motors [5].

In response to the above problems, some researchers have proposed a variety of mea-
sures. On the one hand, the rotor structure, magnetic pole design parameters, pole slot
matching, and algorithm are optimized. In Reference [6], the surface-mounted permanent
magnet magnetic field modulation motor is taken as the research object, and the struc-
tural parameters are optimized to achieve a higher power factor. In Reference [7], a new
three-vector model predictive flux control method for SPMSM with low computational
complexity and a low stator flux ripple is proposed, thus improving the steady-state per-
formance of the stator flux while reducing the computational complexity. In Reference [8],
a new type of electric excitation claw pole field modulation motor is proposed, thus im-
proving the utilization rate of effective harmonics and further improving the torque. The
research in Reference [9] shows that the pole-slot matching method with high fundamental
frequency can effectively weaken the cogging torque and reduce the torque ripple of a
permanent magnet motor by selecting the appropriate pole-slot number while ensuring
the other functions of the motor. Reference [10] optimizes the distribution of air gap flux
density and permeance of a surface-mounted permanent magnet rotor by making the
air gap of the motor uneven similar to unequal thickness and unequal width permanent
magnets. On the other hand, starting from the design of the motor body, some parameters
or structures are optimized to optimize electromagnetic performance. In Reference [11], a
novel stator-shell matching method is proposed, which can improve the electromagnetic
performance, thermal performance and stress deformation performance of permanent mag-
net synchronous motor. References [12-14] weaken the cogging torque to reduce the torque
ripple by tilting the stator cogging to a stator pitch. The research in References [15-18]
shows that the high local magnetic saturation caused by the asymmetric slot on the outer
surface of the stator can significantly increase the cogging torque. References [19-21] take
the V-type permanent magnet synchronous motor as the research object and show that a
reasonable choice of slot width can effectively weaken the cogging torque of the V-type
internal permanent magnet motor.

At the same time, through scientific optimization design and accurate parameter
adjustment, many key indicators such as motor torque density, efficiency, noise, and cost
can be significantly improved to meet changing market demand and complex operating
environments [22]. Reference [23] innovatively combines fuzzy theory with the Taguchi
method and successfully combines complex multi-objectives. The optimization problem is
transformed into a single objective problem, which simplifies the optimization process. Ref-
erence [24] proposes a novel method combining pattern search and the genetic algorithm to
search for the optimal parameter combination of a motor in the design space. Reference [25]
uses a radial basis function neural network to construct a surrogate model and successfully
establishes the mapping relationship between design variables and target performance. On
this basis, combined with a multi-objective genetic algorithm for optimization, the torque
performance of the motor is effectively improved. In order to capture the complex between
variables and optimization objectives more accurately, in Reference [26], a variety of proxy
models are constructed for detailed analysis and comparison. From the above analysis, it
can be seen that the electromagnetic optimization of low-speed permanent magnet motors
has been studied by many scholars. From the current equipment manufacturing cost point
of view, the low-speed high-torque permanent magnet synchronous motor has a large
volume and high cost under high-power demand. The optimization of the rotor structure
is relatively limited. Therefore, it is meaningful to compare the optimization of various
rotor structures.
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However, most of the existing research on low-speed permanent magnet motors
(LSPMM) focuses on the surface-mounted type, and there are few studies on other rotor
structures. In addition, there is little comprehensive comparison of several widely used
rotor structures. This makes it difficult for motor designers to choose low-speed motors
with both good performance and economy. Therefore, this paper selects the three most
common rotor structures as research objects. The three rotor structures are comprehensively
compared in terms of magnetic and loss characteristics, permanent magnet consumption,
temperature distribution, etc.

Firstly, in the first section, three rotor structures are introduced, and their initial design
parameters are determined. Then, in the second section, by establishing a two-dimensional
finite element model, the influence of different pole-slot combinations on electromagnetic
performance is analyzed, and the pole—slot combinations of three rotor structures are
determined. In the third section, the single-factor influence of rotor parameters on electro-
magnetic performance in different rotor structures is analyzed. Next, in the fourth section,
the electromagnetic and permanent magnet consumptions of the three rotor structures
are optimized, the response surface between the rotor design parameters and the motor
performance is established, and the optimal design parameters of the three rotor structures
are summarized. Then, in the fifth section, the three rotor structures are comprehensively
compared, including electromagnetic and loss performance, permanent magnet consump-
tion, temperature distribution, etc. In the sixth section, the theoretical analysis is verified by
a prototype test. Finally, the seventh section summarizes the main conclusions of this paper.

2. LSPMM Structure and Main Performance

In this paper, a 500 kW, 60 rpm permanent magnet motor is taken as the research
object, as shown in Figure 1. The main design parameters of the permanent magnet motor
are shown in Table 1. In the analysis conducted in this paper, different rotor structures have
the same stator design parameters.

Cooling path Stator core

PM
Winding

/ | ‘
| |
End cover | Rotor core

Figure 1. Low-speed permanent magnet motor model.

Table 1. The main parameters of the designed motor for HSPMM.

Parameters Values
Output power 500 kW
Rated rotating speed 60 rpm
Rated load voltage 690V
Torque 79,583 N-m
Stator outer diameter 1160 mm
Air gap 3 mm

In the design process of a low-speed high-torque permanent magnet motor, in order
to meet the high-power mining machinery, its volume is relatively large, and the price of
permanent magnet materials is generally high, which causes the problem of high motor
cost. In order to design a rotor with excellent electromagnetic characteristics and good
economy, three different rotor structures are introduced, as shown in Figure 2, which are
surface-mounted, inset surface-mounted, and spoke-type rotor structures.



Energies 2024, 17, 3300

4of 24

\ \ ’

PM R _\ ' PM __ \ PM N

Rotor core ‘ R ‘ Rot -
o otor core \ otor core o
| l 1 ‘ —

(a) (b) (c)

Figure 2. Three rotor structures including (a) surface-mounted; (b) inset surface-mounted; and
(c) spoke-type.

For the surface-type rotor structure, the permanent magnet is attached to the outer side
of the circular core of the rotor. Because the permeability of the permanent magnet material
is close to the air gap permeability, the effective air gap length is the sum of the thickness of
the air gap and the radial permanent magnet. The surface-mounted permanent magnet
motor is a typical non-salient pole motor, without the salient pole effect and reluctance
torque. The equivalent air gap of the quadrature and direct axis magnetic circuits of this
kind of motor is very large, so the armature reaction is relatively small, the flux weakening
ability is poor, and the constant power flux weakening operation range is usually small.
As the permanent magnet is directly exposed to the air gap magnetic field, it is easy to
demagnetize, and the flux weakening ability is limited. The surface-type rotor is especially
suitable for square wave permanent magnet motors because of its simple manufacturing
process and low cost.

In the interior permanent magnet motor, as the name implies, the permanent magnet
is buried inside the rotor core. There is a pole shoe protection of the ferromagnetic material
between the surface and the air gap, and the permanent magnet is protected by the pole
shoe. For the built-in permanent magnet motor, the inductance of the g-axis is greater
than the inductance of the d-axis, which is beneficial to the weak magnetic acceleration.
Because the permanent magnet is buried inside the rotor core, the rotor structure is more
solid, which easily improves the safety of the high-speed rotation of the motor. The inset
surface-mounted rotor structure has a small magnetic flux leakage coefficient, the motor
shaft does not need to take magnetic isolation measures such as magnetic isolation sleeves
and magnetic bridges, the mechanical strength of the rotor punching sheet is large, and the
rotor is not easily deformed. The permanent magnet is placed in the permanent magnet
slot along the axial direction of the motor, and the magnetic flux leakage is suppressed
by the pole interval magnetic bridge. For the spoke-type rotor magnetic circuit structure,
two adjacent magnetic poles are in parallel to provide a magnetic flux at a pole distance.
Therefore, a larger flux per pole can be obtained, which improves the utilization rate of
permanent magnet materials and can save some permanent magnet materials. When the
number of pole pairs of the motor is large, the advantage of the structure is more prominent.

3. The Influence of Rotor Design Parameters on Electromagnetic Performance

The rotor design of a low-speed permanent magnet motor is an important part of motor
design. On the one hand, the air gap flux density and the utilization rate of the permanent
magnet should be considered. On the other hand, the difficulty of magnetic pole assembly
should also be considered. Therefore, it is necessary to study the different installation
methods for permanent magnets. This section analyzes the influence of various design
parameters on the electromagnetic characteristics of three rotor structures by establishing a
two-dimensional finite element model.
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At present, the design of low-speed high-torque permanent magnet motors mostly
adopts a surface-mounted rotor structure, and the surface-mounted rotor structure is shown
in Figure 3. The main rotor design parameters are the permanent magnet pole arc coefficient
(ap) and permanent magnet thickness (Hpy).

|

Figure 3. Design parameters of the surface-mounted rotor structure.

In Reference [27], the influence of surface mounted rotor parameters on electromag-
netic performance is studied in detail. This section focuses on the influence of inset
sur-face-mounted and spoke-type rotor parameters on electromagnetic performance.

3.1. Influence of Inset Surface-Mounted Rotor Parameters on Electromagnetic Performance

The inset surface-mounted rotor structure and the main parameters involved in this
paper are shown in Figure 4. Rotated from the main design parameters are the permanent
magnet pole arc coefficient (xp) and the permanent magnet thickness (Hpy).

WG
] L;ﬂi/v";[ ] ,///////,//{ 7
-/ ///

Figure 4. Design parameters of the inset surface-mounted rotor structure.

For the inset surface-mounted rotor structure, a single-factor influence analysis of
the electromagnetic performance of the permanent magnet pole arc coefficient and the
permanent magnet thickness as variables is also carried out, and the influence trend is
shown in Figure 5. Figure 5a,b show the magnetic density distribution cloud diagram
when the polar arc coefficient is 0.7 and 0.85. Figure 5c¢,d show the magnetic density of
the air gap and the no-load anti-electromagnetic force under different pole arc coefficients.
The observation in Figure 5d shows that the air gap flux density of the motor increases
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gradually with the increase in the pole arc coefficient. In addition, Figure 5c shows that
the no-load back-EMEF increases from 580 V to 650 V with the increase in the air gap flux
density. The stator core loss decreases with the increase in the pole arc coefficient, as shown
in Figure 5e, from 5.944 kW to 5.722 kW, which is reduced by about 222 W. At the same
time, the copper consumption of the motor gradually decreased from 30.86 kW to 27.5 kW,
by about 3.36 kW. As shown in Figure 5f, the motor efficiency gradually increases from
92.99% to 93.64%. At the same time, the power factor of the motor increases from 0.92 to
0.966.

(=)
D
(=]

0.83
e
640 -
Z 2082|
= g
M 620 s
~
< S 081}
o o,
2 600} A
4 5 L
Z 0.80
580 I 1 1 1 1
0.70 0.75 0.80 0.85 0.70 0.75 0.80 0.85
Embrace Embrace
(c) (d)
0.97
595 —QO—Stator core loss 131 Power factor B6
S - -O- - Copper loss . 0.96 | =€) - Efficiency 17
2590 1302 = 5
1% < 2 095 L 93.4 O\\/
2585 ; 2 1934 %
g 12950 5094 §
L = o0 ko)
g 580 2 2 {932 3
£575) |85 =093} =
wn
5.70 - 092} 493.0
1 1 1 1 27 1 1 1
0.70 0.75 0.80 0.85 0.70 0.75 0.80 0.85
Embrace Embrace
(e) ¢

Figure 5. The effect of the embrace on electromagnetic properties: (a,b) magnetic flux density
distribution; (c) line-to-line back-EMF; (d) air gap flux density; (e) stator core loss and copper loss;
and (f) the power factor and efficiency.

The electromagnetic characteristics are analyzed by changing the thickness of the
permanent magnet from 16 mm to 26 mm. The single-factor influence trend of the per-
manent magnet thickness on the electromagnetic performance is shown in Figure 6. The
magnetic density distribution of the permanent magnet with a thickness of 16 mm and
26 mm is shown in Figure 6a,b. Figure 6c,d illustrate the flux density in the air gap and the
no-load back-EMF when the thickness of the permanent magnet increases from 15 mm to
25 mm, respectively. Specifically, the magnetic density in the air gap increases from 0.8 T to
0.84 T, and the no-load back-EMF increases from 629 V to 660 V, representing an increase
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Stator core loss (kW)

of 31 V. Figure 6e shows the stator core loss and copper loss under different permanent
magnet thicknesses. With the increase in the volume of the permanent magnet in the motor,
the stator core loss decreases gradually from 5.923 kW to 5.672 kW, which is a reduction
of about 300 W. At the same time, the copper consumption is reduced from 29.51 kW to
26.9 kW. Figure 6f shows the variation trend in the power factor and efficiency when the
thickness of the permanent magnet increases from 15 mm to 25 mm. The power factor and
efficiency increase, and the efficiency increases from 93.25% to 93.75%. In addition, the
power factor increases from 0.936 to 0.976.
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Figure 6. The effect of the PM thickness on electromagnetic properties: (a,b) magnetic flux density
distribution; (c) line-to-line back-EMF; (d) air gap flux density; (e) stator core loss and copper loss;
and (f) the power factor and efficiency.

3.2. Influence of Spoke-Type Rotor Parameters on Electromagnetic Performance

The spoke-type rotor structure and the main parameters involved in this paper are
shown in Figure 7. The main design parameters are the length of the permanent magnet
(Lpm) and the width of the permanent magnet (Wpp).
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Figure 7. Design parameters of the spoke-type rotor structure.

For the spoke-type rotor structure, a single-factor influence analysis of the electromag-
netic performance is carried out with the permanent magnet pole arc coefficient and the
permanent magnet thickness as variables, and the influence trend is shown in Figure 8.
Figure 8a,b show the magnetic density distribution cloud map of the permanent magnet
width of 17 mm and 27 mm. Figure 8c,d show the magnetic density of the air gap and the
no-load anti-electromagnetic force under different permanent magnet widths. As shown
in Figure 8d, as the width of the permanent magnet increases, the air gap flux density of
the motor gradually increases. In addition, Figure 8c shows that the no-load back-EMF in-
creases from 625 V to 687 V with the increase in the air gap flux density. The stator core loss
increases with the increase in the width of the permanent magnet, as shown in Figure 8e,
from 0.984 kW to 1.037 kW, representing an increase of about 53 W. On the contrary, the
copper consumption of the motor gradually decreases from 31.98 kW to 21.95 kW, by about
10.03 kW. As shown in Figure 8f, the motor efficiency gradually increases from 93.79% to
95.55%. At the same time, the power factor of the motor increases from 0.89 to 0.98.

The electromagnetic characteristics are analyzed by changing the length of the per-
manent magnet from 55 mm to 75 mm. The single factor influence trend of the magnet
length on the electromagnetic performance is shown in Figure 9. The magnetic density
distribution of the permanent magnet with a length of 55 mm and 75 mm is shown in
Figure 9a,b. Figure 9¢,d illustrate the flux density in the air gap and the no-load back-EMF
when the length of the permanent magnet increases from 55 mm to 75 mm, respectively.
Specifically, the flux density in the air gap increases from 0.72 T to 0.87 T, while the no-load
back-EMF increases by 68 V. Figure 9e shows the variation trend in stator core loss and
copper loss with the change in the permanent magnet length. With the increase in the
length of the permanent magnet in the motor, the loss of the stator core increases gradually
from 0.96 kW to 1.046 kW, representing an increase of about 86 W. On the contrary, the
copper consumption reduces from 30.56 kW to 23.01 kW. Figure 9f shows the trend in
the power factor and efficiency when the length of the permanent magnet increases from
55 mm to 75 mm. The power factor and efficiency increase, and the efficiency increases
from 94.0% to 95.36%. In addition, the power factor increases from 0.867 to 0.956.
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Figure 8. The effect of the PM width on electromagnetic properties: (a,b) magnetic flux density
distribution; (c) line-to-line back-EMF; (d) air gap flux density; (e) stator core loss and copper loss;
and (f) the power factor and efficiency.

Figure 9. Cont.
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Figure 9. The effect of the PM length on electromagnetic properties: (a,b) magnetic flux density
distribution; (c) line-to-line back-EMF; (d) air gap flux density; (e) stator core loss and copper loss;
and (f) the power factor and efficiency.

4. Multi-Objective Optimization of Different Rotor Structures

Combined with the analysis results of the influence of rotor parameters on the per-
formance of the motor in Sections 3 and 4, and based on the initial design scheme of the
four rotor structures in Section 4, this section carries out electromagnetic optimization
considering the consumption of permanent magnets. Firstly, according to the optimization
methods in the existing literature, the process and mathematical model of electromagnetic
optimization are sorted out. Then, the optimization variables and optimization ranges
of the three rotor structures are determined. Finally, through the establishment of the
Kriging surrogate mode, the multi-objective genetic algorithm is used to find the opti-
mal non-inferior solution, and the optimization scheme of the three rotor structures is
determined.

For the surface-mounted rotor structure, the permanent magnet thickness, pole arc
coefficient, and core length are selected as optimization variables. For the inset surface-
mounted rotor structure, the permanent magnet thickness, pole arc coefficient, and core
length are selected as optimization variables. For the spoke-type rotor structure, the length
of the permanent magnet, the width of the permanent magnet, and the length of the core
are selected as the optimization variables. Table 2 shows the optimization range of the three
rotor structure design parameters.

4.1. Response Surface Analysis

Firstly, a central composite design sampling design is used to obtain a uniform original
sample. The electromagnetic analysis of the low-speed permanent magnet motors with
different rotor structures is carried out for all sample data. A response surface surrogate
model of rotor design parameters and motor performance is established by using the
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FEA results of the sample data. The Kriging surrogate model predicts the uncalculated
data based on the calculated test sample data. It is an unbiased estimation model of
experimental point results. Figure 10 summarizes the results of the two-dimensional finite
element calculation and the response surface surrogate model. The response surfaces of the
three rotor structures are shown in Figures 11-13.

Table 2. Rotor optimization parameters and range.

Range
P t
arameters Surface-Mounted  Inset Surface-Mounted Spoke-Type
Permanent magnet thickness (Hpy)/mm [15, 30] [15, 35] -
Polar arc coefficient (a;) [0.7,0.85] [0.7, 0.85] -
Length of permanent magnet (Lpys)/mm - - [55, 75]
Width of permanent magnet (Wpy)/mm [15, 30]

Core length (Lg)/mm [800, 920] [800, 920] [800, 920]
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Figure 10. The degree of fitting between the calculation results and the response surface prediction.
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Figure 11. Response surface of surface-mounted rotor design parameters to motor performance:
(a) efficiency; (b) line-to-line back-EMF; (c) torque; and (d) the power factor.
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The response surface of the surface-mounted rotor design parameters to the motor
performance is shown in Figure 11. With the increase in the pole arc coefficient and
permanent magnet thickness, the efficiency of the motor decreases first and then increases.
In Figure 11b, it can be seen that the thickness of the permanent magnet has a significant
effect on the back electromotive force of the no-load line, and the influence of the pole arc
coefficient is not significant. In addition, a higher amount of the permanent magnet means
a higher torque. With the increase in the amount of the permanent magnet, the power
factor decreases first and then increases.

Figure 12 shows the influence of the design parameters of the inset surface-mounted
rotor on the performance of the motor. The efficiency and no-load back-EMF of the motor
increase significantly with the increase in the pole arc coefficient. Similar to the surface-
mounted rotor, the torque of the motor increases with the increase in the amount of the
permanent magnet. The influence of the pole arc coefficient of the permanent magnet on
the power factor is obvious, and the thickness of the permanent magnet has little effect on
the power factor compared with the pole arc coefficient.

The influence of the design parameters of the spoke-type rotor on the electromagnetic
characteristics is shown in Figure 13. The no-load back-electromotive force and torque
of the motor increase with the increase in the amount of the permanent magnet. When
the thickness of the permanent magnet increases, the efficiency and power factor increase
slightly. The width of the permanent magnet has a great influence on the electromagnetic
performance. With the increase in the width of the permanent magnet, the efficiency and
power factor increase significantly.

4.2. Sensitivity and Constraint Analysis

Sensitivity analysis is an effective method to evaluate the influence of a single parame-
ter on an optimization objective. Before the electromagnetic optimization of the three rotor
structure motors, a sensitivity analysis of the main optimization parameters is first carried
out. The correlation coefficients of each optimization parameter for different optimization
objectives are obtained. In this paper, the Pearson correlation coefficient is used to express
the influence of each optimization parameter on different optimization objectives.

n

oxy = e (xi —2@ (vi —v) 2 1)
VI (=00 v - 9)

where y; is the value of the optimization objective corresponding to the optimization
variable x;, and ¥ is the average value of the optimization objective.

According to the above theoretical calculation, the finite element model is established
and the sensitivity of the relevant structural parameters is calculated. Figure 14 shows the
sensitivity coefficient of the optimization objects. The larger the value of the sensitivity
coefficient, the greater the impact on the optimization goal. A positive value indicates
that the optimization goal increases with the increase in the optimization variable, and a
negative value is the opposite.

In this paper, in the process of the electromagnetic optimization of low-speed perma-
nent magnet motors with three rotor structures, the maximum efficiency and the minimum
permanent magnet volume are selected as the optimization objectives to obtain a more rea-
sonable optimization scheme. The constraints of the optimization process of the low-speed
permanent magnet motors include no-load line back-electromotive force, output torque,
and power factor.

First, the no-load back-EMF of the low-speed permanent magnet motor should be
slightly smaller than the rated voltage to ensure that there is sufficient excitation magnetic
field to complete the electromechanical energy conversion process. Second, the torque is
selected as the first constraint condition of the load operation, and the torque should be
greater than the rated torque. In addition, the power factor is selected as the constraint
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condition. In order to obtain higher motor efficiency, the power factor is limited to 0.9 or
more.

min: fi(x) = V @
max: fo(x) =17 3)
630V <E <650V
796 N-m < Ty
09 <cos®

In the above formula, V is the volume of the permanent magnet, efficiency, E is the
back-EMF of the no-load line, T}, is the output torque, and cos® is the power factor. In the
electromagnetic optimization process of this paper, the multi-objective genetic algorithm
method is used to optimize the Kriging surrogate model, and the Pareto front solution set
is obtained. Taking the Pareto frontier diagram in Figure 15 of the surface-mounted rotor
structure optimization as an example, based on satisfying the optimization constraints, all
the solutions in the Pareto front are solutions that meet the optimization constraints. This
requires that from the Pareto front, according to the design needs, a set of solutions that
best meet the requirements is selected as the final optimization scheme. The optimization
goal of this paper is the highest efficiency and the least consumption of permanent magnets.
However, the optimization objectives cannot achieve the best results at the same time.
The consumption of the permanent magnet used in the most efficient solution is not the
least. Therefore, in the process of electromagnetic optimization, there is no set of optimal
solutions, and all the performances of the motor achieve the best results. Instead, there is a
compromise between all the optimization objectives. Finally, a compromise solution with
the maximum efficiency and the minimum amount of permanent magnet is selected.
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Figure 14. The sensitivity of the optimized parameters of the three rotor structures: (a) surface-
mounted; (b) inset surface-mounted; and (c) spoke-type.

4.3. Optimal Results

For the three rotor structures, after completing the electromagnetic optimization
taking into account the consumption of permanent magnets, the optimized rotor design
parameters are obtained, as summarized in Table 3.
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Figure 15. Relationships among multi-objective performances: (a) relationship among efficiency,
power factor, and torque; (b) relationship among efficiency, the power factor, and back-EMF; (c) rela-
tionship among the weight of the permanent magnet, the power factor, and torque; and (d) relation-
ship among the weight of the permanent magnet, the power factor, and back-EMF.

Table 3. Parameters of the simulation model. (a) surface-mounted; (b) inset surface-mounted; and
(c) spoke-type.

Parameters Surface-Mounted Inset Surface-Mounted  Spoke-Type
Polar arc coefficient 0.75 0.76 -
Permanent magnet thickness 16.5 mm 18.2 mm -
Width of permanent magnet - - 20.2 mm
Length of permanent magnet - - 61.5 mm
Core length 908 mm 901 mm 903 mm

5. Comprehensive Comparison of Different Rotor Structures

Based on the above electromagnetic design optimization results, the design parameters
of the three rotor structures selected have basically the same no-load back-EME. This section
makes a comprehensive comparison of the three rotor structures, including electromagnetic
performance, permanent magnet consumption, and temperature distribution.

5.1. Comparison of the Electromagnetic Performance of Three Rotor Structures

The magnetic density distribution cloud diagram and line back electromotive force of
three kinds of rotor structure motors are obtained by the two-dimensional finite element
method, as shown in Figure 16. The average no-load back-EMF of the three rotor structure
motors is basically the same, which is maintained at about 620 V.
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Figure 16. The magnetic flux density distribution and no-load back-EMF of the three rotor structures:
(a—c) magnetic flux density distribution, (a) surface-mounted; (b) inset surface-mounted; (c) spoke-
type; and (d) back-EMF.

The Fourier transform results for the no-load back-EMF of the three rotor structure
motors are shown in Figure 17. The back-EMF waveforms of the inset surface-mounted
motors have higher fifth and seventh harmonics.
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Figure 17. No-load back-EMF harmonics of the three rotor structures.

Figure 18 compares the load performance of the low-speed permanent magnet motors
with three rotor structures. The rated torque is 79,584 N-m. In order to obtain the same
output torque, the load current of the spoke-type is less than that of the surface-mounted-
type and the inset surface-mounted-type. The inset surface-mounted torque ripple is the
largest of the three rotor structures. In addition, the calculation results of the stator core loss
of the three rotor structures are shown in Figure 18b. The stator core loss of the spoke-type
type is significantly larger than that of the other two rotor structures.
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Figure 18. The load electromagnetic characteristics of the three rotor structures: (a) torque; (b) stator
core loss; (c) loss; and (d) the power factor and efficiency.

The loss distribution of the three rotor structures is shown in Figure 18c. Compared
with the other two motors, the load current of the spoke-type structure is smaller than that
of the other two structures, and the copper loss of the spoke-type structure is the smallest,
which is 5.8% and 4.6% smaller than that of the surface-mounted and inset surface-mounted
rotor structures, respectively. The core loss of the spoke-type rotor is 887 W and 622 W
higher than that of the surface-mounted rotor and the inset surface-mounted rotor. In
addition, the spoke-type eddy current loss is also significantly lower than the other two
rotor structures.

It is well known that there is a risk of irreversible demagnetization in NdFeB perma-
nent magnet motors, which are used in this paper. The coercivity of the inflection point of
the demagnetization curve of N42UH is about 1.1769 x 10® A/m. Figure 19 shows the de-
magnetization of N42UH under 2 times the load. There is no irreversible demagnetization
phenomenon in the surface-mounted rotor structure under 2 times load. However, the inset
surface-mounted and spoke-type rotor structures have local irreversible demagnetization
at the edge of the permanent magnet.

The amount and cost of permanent magnets of the three rotor structures are shown
in Figure 20. The amount of the surface-mounted structure is 237.5 kg, and the inset
surface-mounted and spoke-type structures are 262.4 kg and 269.5 kg. Obviously, the
surface-mounted motor has the least weight of permanent magnets, which is 9.5% and
11.1% lower than the inset surface-mounted and spoke-type motors, and is thus more
economical. Calculated at the price of 84.87 USD/kg of NdFeB, the cost of the surface-
mounted permanent magnet is USD 20,156.625, as shown in Figure 20b. However, the
cost of the inset surface-mounted permanent magnet is USD 22,269.888, and the cost of
spoke-type permanent magnet is USD 22,872.465. Obviously, the surface-mounted rotor
structure has the lowest cost.
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Figure 19. Demagnetization of NdFeB under 2 times the load: (a) surface-mounted; (b) inset surface-
mounted; and (c) spoke-type.
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Figure 20. Weight and cost of permanent magnet of three rotor structures: (a) weight and (b) cost.

5.2. Comparison of the Heat Transfer Characteristics of the Three Rotor Structures

In order to ensure the long-term safe operation and service life of low-speed permanent
magnet motors, it is necessary to provide a good heat dissipation environment. At present,
the commonly used motor cooling methods are air-cooling and water-cooling. According
to the design requirements of the motor, in order to ensure that the motor can work
safely, the water-cooling method is selected. The maximum temperature of the permanent
magnet is limited to 120 °C. In this paper, the temperature distribution of the low-speed
permanent magnet motor is simulated by using the thermal module in Motor-CAD. In
order to compare the temperature distribution of motors with different rotor structures, the
same cooling system is used to operate under rated conditions, that is, a power of 500 kW
and a speed of 60 rpm.

In the thermal simulation calculation, the core loss, winding copper loss, and eddy
current loss are set as the heat source, and the calculation is carried out according to the
above load characteristics. As shown in Figure 21, the water-cooling system adopts a spiral
water channel outside the stator. The water temperature and flow rate are set at 30 °C and
2.7 m3/h, respectively.

The temperature distribution of the low-speed permanent magnet motors with the
three rotor structures is shown in Figure 22. The minimum temperature of the three rotor
structures is concentrated on the rotor core. The highest temperature of the motor with
the different rotor structures is located on the winding. The surface-mounted winding
temperature is 112.6 °C, which is slightly higher than the inset surface-mounted winding
temperature (108.2 °C). Among the three rotor structure motors, the spoke-type motor
has the lowest overall temperature. Figure 22d compares the temperatures at different
positions of the three rotor structures.
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Figure 21. Motor-cooling system design.
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Figure 22. Temperature comparison of the three rotor structures: (a) surface-mounted; (b) inset
surface-mounted; and (c) spoke-type and (d) a temperature comparison.

Table 4 details the comprehensive performance comparison of the three rotor struc-
tures, including electromagnetic performance, permanent magnet consumption, tempera-
ture distribution, etc. The maximum torque of the three rotor structures can characterize
the overload capacity. It can be seen from the maximum torque in the table that the max-
imum torque of the surface-mounted motor is 131,950 N-m. The maximum torques of
the inset surface-mounted and spoke-type motors are 126,590 N-m and 113,530 N-m. It
can be seen that the overload capacity of the surface-mounted motor is the highest. The
surface-mounted motor needs the least amount of the permanent magnet under the premise
of ensuring the design performance requirements. Among the three rotor structures, the
inset surface-mounted rotor structure has the smallest no-load back-EMF. The lowest total
loss is in the spoke-type rotor structure. Overall, the spoke-type rotor structure has the
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highest efficiency, and the surface-mounted rotor structure has the highest power factor. In
addition, the spoke-type temperature distribution is the lowest.

Table 4. Three rotor schemes of the LSPMM.

Parameters Surface-Mounted Inset Surface-Mounted  Spoke-Type
Polar arc coefficient 0.75 0.76 -
Permanent magnet thickness 16.5 mm 18.2 mm -
Width of permanent magnet - - 20.2 mm
Length of permanent magnet - - 61.5 mm
Core length 908 mm 901 mm 903 mm
Weight of permanent magnet 237.5 kg 262.4 kg 269.5 kg
Cost of PM 20,157 USD 22,270 USD 22,872 USD
Back-EMF 632V 609V 649 V
Torque 80,142 N-m 80,264 N-m 80,130 N-m
Maximum torque 131,950 N-m 126,590 N-m 113,530 N-m
Core loss 3565 W 3830 W 4452 W
Copper loss 28.33 kW 28.00 kW 26.76 kW
Magnet eddy current loss 255 W 249 W 9 W
Efficiency 93.96% 93.97% 94.11%
Power factor 0.925 0.924 0.902
Stator winding temperature 112.6 °C 108.2 °C 98.8 °C

6. Prototype and Experimental Tests

Based on the above analysis, the electromagnetic performance and temperature distri-
bution of the surface-mounted rotor are the best of the three rotor structures. In order to
verify the correctness of the theoretical analysis, a 500 kW, 60 rpm prototype is manufac-
tured based on the surface-mounted rotor scheme, as shown in Figure 23a,b. In conditions
where the prototype is under rated, its high torque presents challenges for evaluating
its performance using conventional testing equipment. To assess the no-load and load
performance of the prototype, specialized testing equipment designed for low-speed and
high-torque permanent magnet motors is utilized. The experiment involves driving the
prototype with a frequency converter, connecting it to a load motor via a belt, and linking
the load motor to a hydraulic screw, which in turn is connected to a mechanical load.
The figure illustrates the extensive size and complexity of the test system. Within this
testing platform, the mechanical load can be adjusted to modify the torque of the load
motor connected to it, which in turn transmits torque to the prototype via a belt for load
adjustment. The power analyzer is connected at the power input end of the prototype to
assess its electromagnetic performance.

(@) (b)

Figure 23. The surface-mounted rotor structure prototype: (a) stator and (b) rotor.

To determine the no-load back-EMF of the prototype, it is driven by a load motor
operating at its rated speed. The no-load back-EMF of the prototype can be obtained by the
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power analyzer, as shown in Figure 24. As shown in Figure 24, the no-load back-EMF of
the test is about 632 V, which is 8 V lower than the simulation value.
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Figure 24. Comparison of calculated and measured no-load back-EMF waveforms at rated speed.

To determine the electromagnetic properties during rated operation, the prototype is
powered by an inverter and operated under rated conditions by adjusting the mechanical
load. The power supply voltage of the prototype is regulated to the rated voltage using
a frequency converter. A high-range torque sensor is installed on the load motor side to
measure the torque generated by the load motor. Consequently, the output power or torque
of the prototype can be calculated based on the efficiency curve of the load motor. The
power analyzer can be used to obtain the waveform of the prototype’s armature current at
full load. As shown in Figure 25, the rated current of the prototype is about 486 A, which
is 5 A higher than the calculated value. In addition, under the above cooling system, the
measured winding temperature is about 115.3 °C after the motor runs for several hours
in the rated state, which is slightly higher than the simulation result of 112.6 °C. The
comparison between the measured and calculated performances is shown in Table 5.
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Figure 25. Comparison of calculated and measured rated-load current waveforms at rated speed.

Table 5. Measured and calculated performances at rated load.

Parameters Measurement Calculation

Power (kW) 502 500
Back-EMF (V) 624 632

Current (A) 486 481
Power factor 0.91 0.92

Stator winding temperature (°C) 1153 113.2
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The line-to-line back-EMF of the no-load operation is measured with the prototype
driven by another motor. The measured peak-to-peak value of the 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 the 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 FEA calculation results of 56.7 °C. Obviously, for the
designed LSPMM, the measured value of electromagnetic performance and temperature
characteristics are close to the calculated results, both satisfying the electromagnetic and
thermal constraints.

In addition, the prototype worked at the rated speed for a long period. There was no
damage to the rotor, which indicates that the design of the LSPMM is also reasonable, and
the designed motor satisfies all of the multi-physics constraints in the real industry.

Overall, the experimental prototype tests validated that the designed motor meets
all multi-physics constraints, including electromagnetic, mechanical, and thermal char-
acteristics. This paper proposes, that the influence law of rotor length—diameter ratio on
multi-physics is effective for the LSPMMs.

7. Conclusions

In this paper, a comprehensive comparison of three low-speed high-torque permanent
magnet motors with different rotor structures is carried out, including electromagnetic and
loss characteristics, permanent magnet consumption, temperature distribution, etc. Before
the comprehensive comparison, the influence of rotor design parameters on electromagnetic
characteristics is analyzed. Then, electromagnetic optimization considering consumption is
carried out for three rotor structures. The three rotor structures adopt the same objectives
and constraints in the optimization process. Finally, a prototype is made based on the
surface-mounted rotor structure. The theoretical analysis is verified by a prototype test.
Through the comprehensive comparative analysis of the three rotor structures, the following
key conclusions are drawn:

1. For the electromagnetic characteristics, when the three structures meet the design
performance requirements, the no-load line back-EMF of the inset surface-mounted
rotor is the lowest, while the back-EMF harmonic content of the inset surface-mounted
is the highest. The copper loss of the spoke-type rotor is the smallest, which is 5.8%
and 4.6% smaller than that of the surface-mounted rotor and the inset surface-mounted
rotor, respectively. The core loss is 887 W and 622 W higher than that of the surface-
mounted rotor and the inset surface-mounted rotor, respectively. The efficiency of
surface-mounted and inset surface-mounted is 93.96% and 93.67%m respectively. The
spoke-type copper consumption is the lowest, and its efficiency is 94.11%, which
increased. However, compared with the power factors of the surface-mounted and
inset surface-mounted motors, which are 0.925 and 0.924, the power factor of the
spoke-type motor is lower, which is 0.902.

2. The consumption of the permanent magnet for the surface-mounted structure is
237.5 kg, the inset surface-mounted is 262.4 kg, and the spoke-type is 269.5 kg. Obvi-
ously, the surface-mounted motor has the lowest consumption of permanent magnets,
which is 9.5% and 11.1% lower than the inset surface-mounted and spoke-type motors,
respectively; thus, the economy is better.

3. For the temperature distribution, the highest temperature of the three rotor structures
is concentrated on the winding. When the same heat dissipation system is used, the
spoke-type rotor structure has the lowest temperature because of the minimum loss.
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