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Abstract: This paper proposes a design method to reduce cogging torque and torque ripple in the
concentrated winding of IPMSMs (Interior Permanent Magnet Synchronous Motors) used in motors
for the semiconductor ETCH process. IPMSMs can utilize reluctance torque through the difference
in inductance between the d axis and q axis, but they are at a disadvantage in terms of reducing
cogging torque while tapering the rotor and stator to reduce torque ripple. In addition, the existing
single tapering can push the permanent magnets into the rotor. If the rotor’s permanent magnets
are embedded, the magnetic reluctance will increase, and the overall performance of the motor will
decrease. However, an optimum design method was derived in which the magnets do not move
during rotor tapering. This geometric design is an optimum design method that reduces cogging
torque and torque ripple. This paper compares and analyzes four models, the concentrated winding
model, distributed winding model, conventional tapering model, and separated tapering model,
using 2D and 3D finite element analysis (FEA).

Keywords: permanent motor; torque ripple; tapering; IPMSM; ETCH process; semiconductor; dry
vacuum pump; separated tapering

1. Introduction

Recently, the global semiconductor market has become one of the most important mar-
kets in which to secure a global share, because competition is intensifying and developing
rapidly. Therein, demand for vacuum pumps for semiconductors is rapidly increasing, cen-
tering on the ETCH (etching) manufacturing process in the semiconductor manufacturing
process. Other industries, like semiconductor manufacturing, are also seeing a growing
demand for vacuum pumps. Currently, semiconductor companies around the world are
actively investing in the development of dry vacuum pumps for semiconductor processing.
The dry vacuum pump is a technology that enables industrial production and scientific
experiments by artificially creating a vacuum state. It is a pump that creates a state filled
with gas molecules at a pressure lower than atmospheric pressure. These vacuum pumps
require miniaturization and high-performance exhaust systems when space efficiency is
considered in semiconductor and display-manufacturing processes. When the output of the
motor is the same, if a high-speed design is used, the size of the motor required to produce
the same output is reduced, so the high-speed motor is advantageous for miniaturization.
However, when operating at high speed, the torque ripple problem of high space harmonics
occurs, and a solution to this problem is required.
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IPMSMs are widely used for their high torque and efficiency. An IPMSM is typically
controlled by maximum torque per ampere (MTPA) at rated speed. IPMSMs suffer from
torque ripple during MTPA control due to space harmonics. Although there are mechanical
and electrical factors in the generation of noise and vibration of the motor, torque ripple is
also one of the causes of noise and vibration. Torque ripple at high speed causes vibration.
However, when operating at high speed, the torque ripple problem of high space harmonics
occurs, and a solution to this problem is required. In addition, iron loss and other losses
affect the performance of motors in high-speed operation, so such losses must also be
reduced in the design of motors for higher speeds.

Recent research efforts to reduce the vibration and noise of motors are actively un-
derway [1]. It is important to reduce torque ripple, a major cause of vibration and noise
in motor design [1]. Among the causes of torque ripple, there are reasons related to the
mechanical structure [2,3]. Research on SRM motors with altered shapes to reduce torque
ripple [2], as well as studies on torque-ripple reduction through skewing, is active [3]. One
of the causes of torque ripple is cogging torque. By modifying the motor’s shape to reduce
cogging torque, torque ripple can be minimized. By altering the surface shape of the rotor
core to reduce harmonic content in the airgap flux density, cogging torque and torque
ripple can be reduced [4,5]. While tapering the rotor surface can reduce cogging torque
and torque ripple, it also results in a simultaneous reduction in output [6]. By applying
the newly proposed method of separated tapering, which has not been suggested before
this paper, it is possible to minimize output reduction while reducing cogging torque and
torque ripple, thus reducing vibration and noise.

The IPMSM with the proposed separated tapering described in this paper can mini-
mize the reduction in output and reduce cogging torque and torque ripple. Therefore, this
paper proposes a high-speed design of a PM motor with separated tapering that reduces
cogging torque and torque ripple for a 3 kW semiconductor-etching process.

2. Features of Concentrated Winding V-IPMSM for High Speed

When designing a motor, the rotor type will change depending on the purpose for
which it is being designed. To decide about the rotor type, you must first understand the
concept of torque [7].

Ttotﬂl = %P{ (Ld - Lq)lqld + )\pm Iq} = Treluctance + Tmagnetic [N ’ m]
Treluctance = %P(Ld - Lq)Iqu = %p(/\dlq - /\qld)[N ’ m]
= %P(Adlq - /\qld) [N : m] = reluctanced - reluctanceq

3
Tmugnetic =3 pApm Iq

)

The equation for torque is shown in Equation (1). Intuitively, torque can be generated
in two ways: the first is the force between the magnet and the magnet, called magnetic
torque. The second is the force between the magnet and the iron core, which is the force
that causes the magnet to attach to the iron and is called reluctance torque. The rotor type
that uses both magnetic torque and reluctance torque is described above as an IPMSM
(interior permanent magnet synchronous motor). This is defined as a V-IPMSM because
the shape of the magnet is a V. A V-IPMSM can produce higher output by concentrating the
magnetic flux from the rotor into the air gap, and the IPMSM is stable even at high-speed
operation because the permanent magnet is built into the rotor. For high-speed operation,
the total magnetic flux is weakened by adjusting the current phase angle to achieve high-
speed rotation. Such control by adjusting the current phase angle is called weak flux
control, and the IPMSM is capable of this weak flux control, which is advantageous for
high-speed operation [7-9].

P. = P, + P, = K;,B"f + K, B f? 2)
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The equation for hysteresis loss and eddy current loss for a permanent magnet is
expressed as Equation (2). Losses occurring in motors include copper loss, iron loss, and
eddy current loss, and eddy current loss in permanent magnets causes temperature rise in
permanent magnets and irreversible demagnetization. In Equation (2), P;, means hysteresis
loss and P means eddy current loss. In eddy current loss, eddy currents are generated by
the counter-electromotive force when a time-varying magnetic flux is generated around a
magnet. In the IPM (interior permanent magnet) rotor shape, the magnetic permeability
of the iron core is high, and the generation of eddy current increases by the movement of
magnetic flux around the permanent magnet. Eddy current loss of the permanent magnet
causes rotor heat, and efficiency may decrease, or motor failure may occur due to heat of
the rotor. Therefore, a design to reduce the hysteresis loss and the eddy current loss of the
permanent magnet is required [9-11].

An IPMSM uses not only magnetic torque but also reluctance torque generated by
reluctance differences. Therefore, the torque generated per volume is high, but the magnetic
flux density is also high and the iron loss is higher. Iron loss increases in proportion to
electric frequency, and electric frequency increases with the number of poles. In addition,
iron loss increases in proportion to speed. Since iron loss increases as the motor operates
at higher speeds, it is necessary to design the motor to minimize iron loss. Therefore, the
number of poles is designed to be four [12-14].

1_ ,dR
Tcog = _Eq)g % (3)

Equation (3) is the expression for the cogging torque. Cogging torque in motors is
caused by the change in reluctance between the permanent magnets of the rotor and the
stator value, which is unrelated to the current. Cogging torque is one of the causes of torque
ripple, and torque ripple is a cause of vibration and noise in motors. This means that the
smaller the cogging torque is, the more vibration and noise will be reduced. Therefore, to
reduce torque ripple, the motor should be designed to minimize cogging torque [15,16].

Tyeak_to_peak
T = AL g0 n

Equation (4) is the expression for calculating the torque ripple. As expressed in
Equation (4), the torque ripple increases as the range of torque fluctuation increases [1].
There are two causes of such large torque amplitudes: the input current and the mechanical
structure of the motor [4,5]. First, the torque follows the peak value of the current, and
the ripple frequency increases with the number of phases and rotating speed. Ripple with
respect to the mechanical structure is a matter of geometry [4,5]. Ripple occurs due to
the structure of the electric motor, which has slots in the stator where the windings are
wound. In the PMSM described above, the cogging torque, which is the force that causes
the permanent magnet of the rotor and the iron core of the stator to stick together, causes
vibration and increases the torque ripple. To reduce the torque ripple in the mechanical
structure, it is essential to design a shape that reduces the cogging torque to the maximum
extent possible [17-20].

A high-speed design is beneficial for miniaturization because if the motors have
the same power output, a higher-speed design reduces the size of the motor required to
produce the same power. However, operating at high speeds introduces the problem of
iron loss and eddy current loss at high frequency, which must be addressed. Torque ripple
at high speeds is also an important objective function in motor design. Torque ripple is a
source of heat in motors, and at high speeds it can be fatal. If the rotor generates heat or
vibration at high speed, it can be fatal to the operation of the motor. Permanent magnet
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motors require a design that reduces torque ripple and hysteresis loss to operate properly
at high speeds [21-26].

\ 2
(Ldld + )‘pm)z + (quq)z < ( czm) (5)
e
Izd + Izq < Izam (6)
Mpoint(ld = _)\pm/Ld/ Il] = 0) @)

Equation (5) is the equation for the voltage limit circle. Equation (6) is the equation for
the current limit. Equation (7) shows the Mpqint, the center of the voltage limit circle. To
increase the speed of the motor, the design must place the Mpoint within the current-limiting
circle. If the magnetic flux Apm of the permanent magnet is lowered by tapering, the Mpoint
can be placed inside the current limit circle. Such a design is essential when designing
motors for high speeds.

3. Separated Tapering Design Process and Principles for ETCH Dry Vacuum
Pump Motor

Figure 1 shows dry vacuum pump and motor for the semiconductor-ETCH (etching)
process. The dry vacuum pump for the semiconductor-etching processes is a crucial
component in semiconductor manufacturing. This specialized vacuum pump is designed
to remove gases and particles from the etching chamber without introducing moisture or
other contaminants. The dry vacuum pump operates without the need for oil or lubricants,
making it suitable for cleanroom environments and critical semiconductor-fabrication
processes. It uses advanced technologies such as scroll, claw, or turbomolecular mechanisms
to create a vacuum within the etching chamber. This vacuum ensures the removal of
unwanted byproducts and gases, maintaining a stable and controlled environment for
precise etching processes. The absence of oil or lubricants in these pumps reduces the risk of
contamination and outgassing, which can negatively impact the quality of semiconductor
devices. Therefore, dry vacuum pumps play a vital role in enabling high-quality, high-
precision semiconductor-etching processes, contributing to the production of advanced
microelectronics. Therefore, in vacuum pumps used for etching processes that require high
precision, minimizing vibration and noise is of paramount importance.

Dry Vacuum Pump for
Semiconductor Process

Dry Vacuum Pump Motor
for ETCH Process

Figure 1. Dry vacuum pump and motor for semiconductor-ETCH process.
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Figure 2 shows the design process for a motor with separated tapering. It looks like
the general IPMSM process. However, the difference is the design of the tapering. A
motor with a basic concentrated winding IPMSM can have a higher slot-fill factor than
a distributed winding. However, concentrated windings are characterized by very high
torque ripple. Concentrated winding has the fatal drawback of very high torque ripple,
which is difficult to control and may prevent smooth operation. However, by applying
tapering to the rotor and stator to make the magnetic flux flow sinusoidal and designing
the iron core to shave off unnecessary saturation areas, the torque ripple can be lowered
and iron loss can be reduced. Therefore, after the basic design for the motor size in Figure 2,
it is necessary to apply tapering to the rotor and stator, respectively, and compare the
tendencies. Torque-ripple targets for tapering length selection in the process were targeted
with Model 1. After determining the tapering lengths L. and L, the stator was tapered to
match the rotor geometry. The rotor and stator were shaped to minimize the torque ripple.
Finally, Otap was determined and Model 4 was derived, which has very low cogging torque
and torque ripple compared with the other models.

Design Requirements

Determine the Series

Va. Ia. RotatingSpeed, Load Torque Leng‘th
I Lees Lge
Calculate Winding Factors | }
l Calculate Torque Ripple [%] | Ne
(Model 1> Model 4)

Calculate Airgap
Flux Density

}

Yes l

Determine the Stator
Tapering Parameters

Determine size

Lef, Ocfy Ost
ng Lok

l l

Determine the Axis Angle

Separate D & Ly,

of Tapering
l Otap
Calculate Rotor Main ]
Parameters Calculate Torque Ripple [%] | _Ne

Rotor sizing, Magnet Parameters (Model 3> Model 4)

l Yes l

Design to minimize cogging Determine O, that
torque minimizes cogging torque

Figure 2. Process for the detailed design of 4P6S concentrated winding motor with separated tapering.

Figure 3 shows a concentrated winding model (Model 1), distributed winding model
(Model 2), conventional tapering model, and separated tapering model. Figure 3 shows the
parameters for separated tapering of the rotor. Applying separated tapering of the rotor
can reduce the change in reluctance in the air gap, which reduces cogging torque, torque
ripple, and losses. The design was changed from basic distributed winding (Model 2) to
concentrated winding (Model 1). Concentrated winding can wind more coils on the stator
teeth than distributed winding. It is also easy to manufacture and very advantageous for
mass production. Concentrated winding is also very practical and easy to manufacture due
to the short Turnepg of the coils, which is not an area of motor performance. However, con-
centrated winding has the disadvantage of higher torque ripple than distributed winding.
These problems can be solved by tapering the rotor and stator to make the airgap magnetic
flux sinusoidal.
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1. Concentrated Basic Model 2. Distributed Basic Model
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Q % \}/ />
\ .Vﬁ /4

3. Conventional Tapering Model 4. Separated Tapering Model

Figure 3. 2D models of the four motors used in the comparative analysis.

Figure 4a,b show a design for a separated tapering rotor. The typical rotor tapering is
created by L, as shown in Figure 4. However, this paper introduces a new tapering axis
called Lgt, which takes the form of two arcs with the axis divided into two axes. If tapering is
performed only on the existing L, it is applied even to areas where tapering is not required.
However, in the case of the method in Figure 4, a design can be created that incorporates
all the advantages of the conventional method along with new advantages. This tapering
method in which Lt and L, are applied simultaneously is defined as separated tapering.
The reason for separating the axis into two on both sides is explained below [2,3].

~.
L g

-

S

Side Tapering Length (Lg)  Center Tapering Length (L)
@) (b)
Figure 4. Rotor tapering parameters, (a) side tapering length, (b) center tapering length.
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Figure 5 shows the process where magnets are pushed inside the rotor during con-
ventional tapering. The reason for dividing the axis into two is explained in Figure 5. In
the conventional tapering method, as shown in Figure 4b, where only L is considered,
increasing the value of L for greater tapering effect necessitates pushing the magnets
inside the rotor, which maintains the shape of the permanent magnets on the rotor. When
the permanent magnets are pushed inside the rotor, it results in tapering that affects the
output because it moves away from the air gap. However, with the application of separated
tapering, an additional Lg; axis is added on both sides to secure the ends of the permanent
magnets in place. This allows tapering of only the rotor pole-piece side when tapering
the rotor, without affecting the geometry of the permanent magnets, thus preventing
degradation of motor output. Tapering the outer surface of the rotor without affecting the
position and shape of the permanent magnets is necessary to minimize the reduction in
motor output power. Additionally, since cogging torque and torque ripple can be influ-
enced by changes in rotor geometry, tapering is required to minimize cogging torque and
torque ripple.

PUSH

-—— Pd
,/
\
\ 4’
S =7 7

- ¢ —— N\

s ( kS ]

e \ \ o -
o .‘5 d-ax|s N -

- No Tapering Basic Model

Conventional Tapering Model

Figure 5. Problems with magnets being pushed and embedded in conventional tapering.

Figure 6a defines parameters for the angle between the two axes, Lgt and L.
Figure 6b shows the rotor shape according to the separated axis angle. After separating the
two axes, if the rotor can be finely designed according to the angle between them, it can
have a significant effect in terms of cogging torque and torque ripple. In conjunction with
the rotor to which separated tapering is applied as follows, conventional tapering is also
applied to the stator. This maximizes the reduction of shape-sensitive cogging torque and
torque ripple. The optimized design of the rotor was completed according to the 0tap angle.

Figure 7 shows the stator tapering parameters. For motors with stator teeth, the change
in magnetic reluctance is not constant as the rotor rotates with time. Since the change in
magnetic reluctance is not constant, it is necessary to taper the unnecessary parts in the
stator tooth structure. The stator shoe portion of the stator teeth was tapered with Ly, 0.,
and O parameters to match the geometry of the rotor. The rotor pole-piece tapering was
designed to take the starting point according to the length of L only in the area where the
tapering was applied and taper it by the stated angle. L. is determined within half of the
stator teeth, and 0 tapers the unnecessary area of the stator teeth.
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Figure 6. (a) Tapering in the Lt and Ls; axes, and the angle between them, Ot,p (b) changes in the
rotor shape with variations in Otap.

This allows the magnetic flux emitted from the permanent magnets to be concentrated
by the rotor tapering and by the stator tapering, and the magnetic flux is concentrated
on the stator teeth. This design prevents leakage flux as much as possible and obtains
a sinusoidal magnetic flux flow. In addition, the design does not affect the permanent
magnets and does not cause reduction in output power.
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Figure 7. Stator tapering parameters.

Figure 8a shows the airgap magnetic flux density (airgap B) for the conventional model
(Model 1) and the separated tapering model (Model 4), while (b) shows the harmonic dis-
tortion (THD) of the no-load line voltage by harmonic order. In (b), it can be observed that
in Model 1, the fundamental component is naturally slightly larger, but there are significant
increases in the 5th, 7th, 11th, and 13th harmonic components. The final model, Model 4,
exhibits significantly reduced harmonics compared to the conventional Model 1, with the
THD decreasing from 11.71% to 3.84%. THD stands for total harmonic distortion, and a
higher THD value indicates that there are more harmonic components in the voltage wave-
form, signifying greater distortion from the ideal sinusoidal waveform. When harmonics
distort the voltage waveform, it reduces stability. As a result, the significant reduction
in THD observed in Model 4 indicates its improved stability and reliability compared

with Model 1.

m Conventional Model THD (Model 1.)

W Separated Tapering Model THD (Model 4.)

Rotating Angle Om [Deg]
@)

Line Voltage [V]

250

0

m Conventional Model THD (Model 1.) : 11.71%
W Separated Tapering Model THD (Model 4.) : 3.84%

W
TRt}
LI

W\

Model 1.

- -

-
123 45 6 7 8 9 10111213 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

Harmonics

(b)

Figure 8. (a) Airgap magnetic flux density for Model 1 and Model 4, (b) THD for Model 1 and Model 4.
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The final model was selected based on K, values at two points, with a rated speed of
6600 rpm and a maximum speed of 9000 rpm. The existing concentrated winding model
had a significant drawback, which was high torque ripple. To address this issue, this
paper proposes a method to reduce torque ripple and mitigate the critical shortcomings of
the existing rotor torque ripple. In this proposed approach, a new concept called “rotor
separated tapering” is introduced, which can prevent output degradation and further
reduce torque ripple. To complement the separated tapering of the rotor, the stator teeth
are also tapered to drastically reduce torque ripple. This reduction in torque ripple is
expected to minimize vibrations and noise not only at the rated speed but also at the
maximum speed. Furthermore, tapering reduces the magnetic flux of the permanent
magnets, allowing the center point known as the “M-point” of the voltage-limit locus to
fall within the current limit area. This design offers significant advantages, especially for
high-speed motor applications. It is also easy to manufacture, making it a groundbreaking
production method for the electric motor industry. The design process was carried out
based on the results data provided below.

4. Results
4.1. Data Analysis with Tapering Parameters

Table 1 presents the four-pole six-slot motor parameters for a 3 kW ETCH process. The
final model was selected and data were analyzed at a rated speed of 6600 rpm. Additionally,
a two-point design was conducted at 6600 rpm and 9000 rpm as part of the high-speed
design process. While the rated operating speed is 6600 rpm, it is important to note that the
instantaneous maximum speed can reach up to 9000 rpm. Therefore, a high-speed design
was carried out to optimize performance at 9000 rpm. At the rated speed, the output is 4.45
Nm for a 3 kW motor. As explained earlier, the teeth-concentrated model was chosen for
mass production. The rotor’s permanent magnet is N42UH, a neodymium magnet, and
the core material is 30PNF1600. The motor’s total outer size diameter is 100 mm, and the
lamination was designed at 45 mm.

Table 1. 4P6S motor parameters for a 3 kW ETCH process.

Parameter Value Unit
Poles/Slots 4/6 -
Speed 6600~9000 RPM
Current 11~18.4 Arms
Rated power 3 kW
Rated torque 4.45 N-m
Airgap length 0.5 mm
Stator diameter (inner, outer) 25.5,50 mm
Rotor diameter (inner, outer) 8,25 mm
Stack length 45 mm
Core 30PNF1600
Material Permanent magnet N42UH
Coil Copper

Figure 9 shows how the mesh settings were analyzed; the airgap mesh was divided
very finely, and the data were analyzed in detail. More accurate data can be obtained
when the mesh is analyzed by dividing the mesh into smaller pieces for the areas to be
focused on. Since cogging torque and torque ripple are rotor- and stator-shape-sensitive,
the mesh in the critical areas was finely divided to induce accurate analysis. The analysis
was conducted using the 3D finite element analysis (FEA) capability of Ansys Maxwell
23.R2 software, with a total of 1,317,946 spatial elements, as shown in Figure 9. The specific
area of interest in the motor, which requires a detailed analysis, is the air gap between
the rotor and stator. Therefore, the number of elements in the air gap was divided into
601,250 elements. In Figure 9, each grid cell represents one spatial element.
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Figure 9. Mesh setting for 3D FEA (finite element analysis).

Figure 10 shows the cogging torque waveform at the rated speed of 6600 rpm. All
four models were analyzed for data comparison, and finally, Model 1 was improved and
designed into Model 4 to reduce the cogging torque by 88.18%. Figure 10 shows that the
cogging torque is very low, at a level comparable to distributed windings. The final model
was designed to reduce cogging torque at the rated operating speed of 6600 rpm. Since
cogging torque is one of the causes of torque ripple, it is necessary to observe the trend of
torque ripple while reducing the cogging torque. For this reason, the following data on
torque ripple were analyzed [16,17,19,22].

20 —— 4PBS Concentrated Model AP185 Distributed Model

—— Conventional Tapering Separated Tapering

(=i}
(=]

£
(=]

[
(=]

o

e
S

5

Cogging Torque [mN-m]

8

Rotating Angle [Deg°E]
Figure 10. 6600 rpm cogging torque.

Figure 11 shows the relationship between torque ripple parameters and side tapering
length. To minimize torque ripple, which is the primary objective in separated tapering, it is
essential to find an optimal value that reduces torque ripple due to tapering length. Before
determining this optimum value, certain factors need to be considered. The following are
some of the considerations considered prior to selection [2,3,5,7,8].



Machines 2023, 11, 991

12 of 22
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12.8 —@— Center Length =4mm

12.4 —&—>5mm

Torque Ripple [%]

5 6 7 8 9 10 11 12 13 14 15

SideTapering Length [mm]
Figure 11. Variation of torque ripple with tapering length.

Considering the stiffness and the conventional model analysis with a tapering length
of 5 mm, the optimal lengths of Lt and Lg; were chosen by selecting an area where the
primary torque ripple target was less than 9.2%. Ot,p was analyzed with a temporary angle
of 32 degrees that satisfied the target torque of 4.4 Nm. This angle was selected before the
final shape was determined [8,22,23]. The variations in the values of Lg; and Oap resulted
in slight fluctuations in the outcomes, but these subtle differences are not significant. When
designing, it is important to select the value of L within the range that satisfies the target
conditions, since the primary focus is on meeting the specified design criteria.

Table 2 shows the data for the ripple factor Kyj,. The ripple constant Ky;;, is defined
as the load torque divided by the torque ripple (Tyjppre). This design target was selected
as a criterion so that Ky, would be greater than 1.06. The target value for the ripple
constant Ky;p, exceeding 1.06, is based on the rated speed of the conventional tapering
model (Model 3) at 6600 rpm. The final model should be designed with a higher value of A
than this. The angle range for 8tap where Ky, is greater than 1.06 was determined by FEA
analysis to be between 18 and 23 degrees [2,3].

Table 2. 6600 rpm FEA analysis results for the ripple factor Ky;p.

0 Load Torque T Krip
ap Tavg (Nm) ripple (Torque/Tpp1e)
15 4.4926 4.58977 0.978829
16 4.4898 4.530269 0.991067
17 4.4867 4.430873 1.012599
18 4.4833 4.202262 1.066878
19 4.4786 3.949895 1.133853
20 4.4736 3.683834 1.214387
21 4.4688 3.44164 1.298451
22 4.464 3.521505 1.26764
23 4.4582 3.806469 1171217
24 4.451 4.279937 1.039969
25 4.4463 4.819738 0.922519
26 4.4402 5.420927 0.819085

27 4.4328 6.030049 0.735118
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Table 2. Cont.

Load Torque Krip

Otap Tavg (Nm) Tripple (Torque/Tyippie)
28 4.4263 6.68956 0.661673
29 4.4208 7.270177 0.608073
30 4.4139 7.816217 0.564711
31 4.4066 8.267145 0.533026
32 4.4011 8.727364 0.504287
33 4.4193 9.456249 0.467342
34 4.4141 9.700732 0.455028
35 4.4086 9.882956 0.446081
36 4.4049 10.04336 0.438588

Figure 12 shows the changes in torque ripple rate according to the side tapering
angle (Btap). The data were analyzed to minimize torque ripple without degrading the
output power. When optimally designed with respect to the 0t angle, the results show
a significantly lower torque ripple compared with the conventional model. Additionally,
implementing such a tapering method on the rotor does not affect the size of the perma-
nent magnet, thus avoiding a reduction in power output. In conventional tapering, the
permanent magnet is pushed into the rotor, leading to a drop in output. To compensate
for this, the current was increased by 1.1 A to match the output. The area satisfying the
goal of the torque ripple constant Kiip, as analyzed in Table 2, above, is intuitively depicted
in Figure 12. Finally, an Ot,p angle was selected to achieve the target output, resulting in a
reduction in torque ripple from 16.03% in the conventional model (Model 1) to 3.55%.

[m——————————

Kyip = 1.067 |
L Axis
Satisfactory Area :” o
| - tap ~
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"’
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-

L s i i ! S

[ —

[ <} O o [l
[]

=

Torque Ripple [%]

Side Tapering Angle Otap [Deg°E]

Figure 12. Analyzing torque ripple as a function of tap angle.

4.2. Comparison of Analysis Data at Two Operation Points of 6600 rpm and 9000 rpm

Figure 13a shows the load-line voltage waveforms, indicating that voltage limits are
generally considered and satisfied in the motor designs. Figure 13b shows the torque
comparison at the same output for the three models when operating at the rated operating
speed of 6600 rpm. The load-line voltage waveform in Figure 13a is used to monitor
voltage fluctuations. Analyzing the load-line voltage waveform is crucial for evaluating the
performance and stability of the motor and confirming voltage limits. As can be observed
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in Figure 13a, the voltage is stable, and it satisfies the voltage limit conditions. When the
torque variation (Tpkopk) increases, it leads to an increase in torque ripple (Tyipple), which
can be a source of motor vibrations. Therefore, designing to minimize torque variation
(Tpkopk) is essential. The separated tapering model shows less variation in torque. If the
torque fluctuates significantly when the motor is running, the torque ripple becomes large,
and vibration and noise are generated. Therefore, a new concept of tapering was applied
to optimize the design to reduce the range of variation in torque magnitude and reduce
torque ripple.
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Figure 13. (a) 6600 rpm load-line voltage, (b) 6600 rpm load torque data.

Table 3 shows the data at 6600 rpm, the rated operating speed. It was specified
that the design would proceed to reduce cogging torque and torque ripple, which are
problems when changing from distributed to concentrated winding, by applying separated
tapering (Model 4). As shown in Table 3, the cogging torque was reduced by 88.18%, from
142.44 mNm to 16.84 mNm, and the torque ripple was reduced by 77.85%, from 16.03% to
3.55%. The cogging torque was reduced not only in the existing model but also in the same
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pole-number distribution winding model, and the torque ripple was reduced by 68.64%,
from 11.32% to 3.55%.

Table 3. 6600 rpm Final Data Analysis.

Parameter Basic Concentrated Distributed Winding Conventional Tapering Final Separated Tapering
aramete Winding Model (Model 1) Model (Model 2) Model (Model 3) Model (Model 4)
Cogging torque (mNm) 142.44 16.26 176.17 16.84
Load torque (Nm) 4.49 4.44 4.45 4.46
Torque ripple (%) 106.2%3 101 3392 14626 igg
rip . . . .
L2L + IR (Vmax) 238.97 216.73 22422 228.02
Current (A) 13.4 14.2 19.5 18.4
Cuif;‘;iel?;ity 8.53 9.42 12.35 11.71
Output power (kW) 3.01 3.01 3.03 3.04
Figure 14a shows the load-line voltage waveforms, indicating that voltage limits are
generally considered and satisfied in the motor designs. Figure 14b shows the load torque
at 9000 rpm. For the load-torque waveform, the black line is the separated tapering model.
When the motor operates at high speed, the torque ripple increases. The red line in the
basic model shows that the amplitude of the waveform is larger than the rated speed. This
means that the torque ripple has increased. However, in the separated tapering model, the
amplitude of the load torque is not so large. This indicates that the torque-ripple-reduction
design was successful even at the maximum speed of 9000 rpm by applying separated
tapering to the rotor. This new concept of tapering is very effective in reducing torque
ripple when designing motors for high speeds.
Table 4 shows an analysis of the 9000 rpm data. The final model, Model 4, was
confirmed to meet the target value of Ky equal to or greater than 0.67 specified in Model 3,
even at a maximum operating speed of 9000 rpm. Compared with the basic concentrated
winding model (Model 1), the torque ripple was reduced by 78.29%, from 21.42% to 4.65%,
and the efficiency was improved by 1.67%, from 93.08% to 94.64%. Thus, the separated
tapering model (Model 4) is much more suitable in the high-speed operation area than the
basic concentrated winding model (Model 1).
Table 4. 9000 rpm Final Data Analysis.
Parameter Basic Concentrated Distributed Winding Conventional Tapering Final Separated Tapering
aramete Winding Model (Model 1) Model (Model 2) Model (Model 3) Model (Model 4)
Load torque (Nm) 3.26 3.27 3.26 3.26
Torque ripple (%) 21.42 12.85 4.83 4.65
i 0.15 0.25 0.67 0.7
Tip
L2L + IR (Vmax) 277.23 257.22 252.54 263.76
Current (A) 9.7 10.4 11.7 11
Current density 6.17 6.9 745 7
(A/mm?) ’ ’ ’
Output power (kW) 2.99 3.05 3.02 3.01

Figure 15a shows the efficiency map of Model 1, while Figure 15b displays the ef-
ficiency map of Model 4. The efficiency map allows us to intuitively see the efficiency
according to rotating speed and torque. In the 6600~9000 rpm range from the rated operat-
ing speed to the maximum operating speed, it was confirmed that there was no problem,
as in the below T-N curve analysis. Within the analyzed parameter range, Model 4 has an
advantage at high speeds compared with Model 1. In Figure 15, the shaft torque represents
the torque and considers losses such as copper loss, eddy current loss, iron loss, and so on
in a PM motor. When comparing the same efficiency range in Figure 15a,b, it is intuitive
to observe that Model 4, depicted in Figure 15b, exhibits higher efficiency from the rated
operating speed of 6600 rpm up to the maximum operating speed of 9000 rpm, as evident
from the efficiency map.
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Figure 14. (a) 9000 rpm load-line voltage, (b) 9000 rpm load torque.

Figure 16a shows the current and voltage limits of the basic model (Model 1) and the
separated tapering model (Model 4). Figure 16b shows the T-N curve comparison of the
separated tapering model and the target model. Motors do not generate large, induced
voltages in the low-speed range, and the voltage generated by the motor is often lower
than the voltage that can be applied to the motor. When this is the case, control does not
need to consider voltage limiting, only current limiting. This is MTPA control. However, in
the speed range above the base speed, voltage limiting must be considered in addition to
current limiting. The current vector is to be selected at the intersection where the voltage-
and current-limit sources meet. The M point, the center of the current- and voltage-limit
circle, is more favorable for higher speeds when it is near the center of the current-limit
circle. The current- and voltage-limit circle for the separated tapering model is shown
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in Figure 16, and the center point M of the voltage-limit circle for the separated tapering
model is inside the current-limit circle. This is because the rotor tapering has reduced the
chain flux of the permanent magnet that determines the position of the M point. It can be
seen in Figure 16 that the separated tapering model also has higher base torque than the
target model and is more advantageous in the high-speed area. The voltage limit is applied
at 6000 rpm for the target model, but at 8300 rpm for the separated tapering model. At an
operating speed of 9000 rpm, the T-N curve shows that the separated tapering model is
much higher, indicating that the separated tapering model has an advantage in operating
in the high-speed range. Considering the maximum speed up to 9000 rpm, the design
proceeded as follows [12,14].
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Figure 15. (a) Model 1 efficiency map, (b) Model 4 (separated tapering) efficiency map.
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Figure 16. (a) Current- and voltage-limit circle, (b) T-N curve.

Figure 17a shows radial B as a function of rotor position for the conventional model
(Model 1) and the separated tapering model (Model 4), while Figure 17b shows the vibration
velocity [m/s] with respect to spatial distribution. In Figure 17a, when compared with the
conventional model, the radial B of spatial flux density is sinusoidal, and the magnitude of
the radial force is lower. Radial force refers to the force generated in the radial direction as
the rotor rotates away from the center. Electromagnetic vibrations are primarily caused
by the spatial distribution of radial force over time. Since radial force is expressed as
the square of airgap flux density, the spatial harmonics of airgap flux density affect the
spatiotemporal harmonics of radial force. The larger the radial force, the greater the motor’s
vibrations, leading to poor stability. The radial force of a motor can lead to vibration and
noise issues, making control more challenging. Moreover, there is a significant safety risk
when there is contact between the stator and rotor. In Figure 17a, Model 4 exhibits a more
sinusoidal and stable waveform compared with Model 1, due to its lower radial force,
and Figure 17b represents vibration velocity, showing the values of spatially distributed
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Rotating Angle [Deg® E] Tou
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vibrations by harmonic order. It can be observed that Model 4 has an overall vibration
value approximately 13.18% lower than Model 1 [14,18]. As seen in Figure 17, Model 4 has
a lower radial force compared with Model 1, which results in lower vibration velocity in
the motor.
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Figure 17. (a) Radial B for Model 1 and Model 4, (b) vibration velocity for Model 1 and Model 4.

4.3. Analysis of B Plots, and Demagnetization of Permanent Magnet Check

By concentrating the magnetic flux exiting the air gap as in the separated tapering
model, the amount of magnetic flux received from the stator teeth increases. However, the
amount of magnetic flux density that can be received by the thickness of the stator teeth
is limited, and if the limit is exceeded, the teeth will become saturated. The saturation
also affects the increase in iron loss, which causes heat generation and affects the overall
performance. Therefore, it is important to consider the saturation of the stator teeth during
the design process, and this is shown in Figure 18. As shown below, the saturation degree
of the stator value is approximately 1.45 T, indicating that the design is sufficiently stable.
Additionally, the stator back yoke is approximately 1.32 T and is extremely stable.

The demagnetization capability of the permanent magnet was confirmed for the
improved design model, as shown in Figure 19. Demagnetization of the permanent magnets
must be considered when designing electromagnetic fields; the IPMSM performs weak
flux control at high speeds, and demagnetization phenomena may occur due to reverse
magnetic fields. If the operating point is formed below the knee point in the B-H curve
of the permanent magnet, the permanent magnet loses magnetism and demagnetization
occurs. After demagnetization, even if the operating point is formed above the knee point
again, the permanent magnet cannot return to the magnetic flux density it had before
and has a lower flux density than before, which is called the irreversible demagnetization
phenomenon. When a magnet is demagnetized, the magnetic flux density of the permanent
magnet is affected, which in turn affects the performance of the motor. The next method
of confirming demagnetization of a permanent magnet was to apply a current five times
the rated current and confirm a demagnetization ratio of 0% for the permanent magnet. In
addition, since NdFeB magnets have high-temperature demagnetization characteristics,
the demagnetization ability of the permanent magnet was confirmed through 2D and 3D
FEA analysis using B-H curve values of NdFeB magnets at 150 °C, considering extreme
conditions at high temperatures.
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Figure 19. Magnetization and demagnetization of permanent magnet: 2D and 3D analysis.

5. Conclusions

This paper presents a new concept model of separated tapering to reduce cogging
torque and torque ripple compared with the conventional concentrated model of a 3 kW
semiconductor-ETCH-process vacuum pump motor. The design proceeded to reduce
cogging torque and torque ripple according to the rotating angle of 0tap. Since cogging
torque and torque ripple are major causes of vibration and noise in motors, it is important
to design motors used in vibration-sensitive semiconductor processes to reduce cogging
torque and torque ripple. The final model with separated tapering (Model 4) was subjected
to two-point design at a rated operating speed of 6600 rpm and a maximum operating speed
of 9000 rpm. The reduction in torque ripple was confirmed for both rated and maximum
speeds. The cogging torque and torque ripple of the basic concentrated model (Model 1)
and the separated tapering model (Model 4) were compared and analyzed through finite
element analysis (FEA). At the rated rotating speed of 6600 rpm, the cogging torque was
reduced by 88.18% from 142.44 mNm in the conventional model to 16.84 mNm, and the
torque ripple was reduced by 77.85% from 16.03% to 3.55%. At a maximum rotating speed
of 9000 rpm, the torque ripple was reduced by 77.85%, from 16.03% in the conventional
model to 3.55%, and the overall vibration, as a result of torque-ripple reduction, decreased
by 13.18%. The final proposed model (Model 4) includes an innovative separated tapering
design that minimizes cogging torque and torque ripple while also being advantageous at
high speeds.
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