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Abstract: Interior permanent magnet synchronous motor (IPMSM) for traction applications have
attracted significant attention due to their advantages of high torque and power density as well as a
wide operating range. However, these motors suffer from high electromagnetic vibration noise due
to their complex structure and structural rigidity. The main sources of this electromagnetic vibration
noise are cogging torque, torque ripple, and radial force. To predict electromagnetic vibration noise,
finite element analysis (FEA) with flux density analysis of the air gap is essential. This approach
allows for the calculation of radial force that is the source of the vibration and enables the prediction of
vibration in advance. The data obtained from these analyses provide important guidance for reducing
vibration and noise in the design of electric motors. In this paper, the cogging torque and vibration
at rated and maximum operating speed are analyzed, and an optimal cogging torque and vibration
reduction model, with rotor taper and two-step skew structure, is proposed using the response surface
method (RSM) to minimize them. The validity of the proposed model is demonstrated through
formulations and FEA based entirely on numerical analysis and results. This study is expected to
contribute to the design of more efficient and quieter electric motors by providing a solution to the
electromagnetic vibration noise problem generated by IPMSM for traction applications with complex
structures.

Keywords: IPMSM,; traction motor; noise; vibration; RSM; cogging torque; taper; two-step skew

1. Introduction

Increasing energy consumption and stricter environmental regulations around the
world are driving the need for high-performance and efficient electric motors. Traction
motors, in particular, require high torque and power density, and interior permanent
magnet synchronous motor (IPMSM) models are the right choice to meet these needs.
The pursuit of higher power density, lighter weight, and a wider speed range for traction
compared to other applications presents the challenges of a more complex structure and
lower structural rigidity, resulting in higher vibration and noise. Vibration and noise
generated during operation in motors can hinder driver comfort and negatively affect
the performance and lifetime of the motor [1-3]. Research to reduce vibration and noise
involves a variety of factors, with three main electromagnetic causes being addressed [4,5].
These sources are as follows. First, there is cogging torque due to changes in the reluctance
of the stator slots as the rotor rotates [6-8]. Second, there is torque ripple as a result of the
fifth and seventh harmonic components arising from the temporal and spatial harmonic
components when current is applied [9-11]. Finally, there are radial and tangential forces
that occur during rotation [12-14]. An international standard established in 1974 is the
only standard that evaluates the vibration generated by electric motors and is shown
in Table 1 [15,16]. This standard is divided into Class 1 through Class 4 depending on
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the capacity of the motor and is evaluated as four grades: A (good), B (slightly bad), C
(bad), and D (extremely bad) based on the RMS value of the vibration speed generated in
the motor housing. This study presents a theoretical study on the modification of rotor
geometry to minimize vibration and noise at rated and maximum operating speeds for a
16-pole 24-slot traction motor [17,18]. The main objectives of the study are as follows. The
first is to minimize vibration noise by applying tapering to the rotor core to minimize the
cogging torque due to the change in reluctance of the stator slot with the rotation of the
rotor. Second, an asymmetric two-step skew is applied to the tapered rotor by dividing
the rotor into upper and lower parts to adjust the cogging torque and back electromotive
force (EMF) to minimize vibration and noise. The RSM is used to derive the optimal model
for cogging torque and vibration noise reduction [19-21]. To calculate the electromagnetic
vibration in the proposed model, finite element analysis (FEA) with flux density analysis of
the air gap is essential. In this process, the radial force, which is the source of the vibration,
is obtained and the vibration velocity is predicted [22-25]. The results of these studies
are verified using formulas and FEA, which will play an important role in improving the
performance of electric motors as well as the convenience and satisfaction of users.

Table 1. Standard for the vibration grade ISO 2372 (ISO 10816-1).

RMS Vibration Velocity [mm/s] Up to 15 [kW] Class I 15 to 75 [kW] Class II >75 [kW] (Rigid) Class III >75 [kW] (Soft) Class IV

0.28
0.45 A A A A
0.71
1.12 B

1.8 B

28 C B

5 C B
7.1 c
11.2 D C
18 D

28 b D

45

Zone A: The vibration of a newly installed machine usually falls within this zone. Zone B: Machines that vibrate
within this zone are generally considered to be acceptable for long-term operation without restrictions. Zone C:
Machines that vibrate within this zone are generally considered unsatisfactory for long-term continuous operation.
Zone D: Vibration values in this zone are generally considered to be severe enough to cause damage to the
machine.

2. Theoretical Analysis
2.1. Analyze the Cause of Cogging Torque

There have been countless studies and significant research on the causes of cogging
torque. Cogging torque is an irregular torque that occurs when the rotor of an electric
motor interacts with the stator. It interferes with the smooth rotation of the motor and
causes vibration and noise. Cogging torque can be expressed as:

Tcog = _%Qi% (1)
where &, represents the magnetic flux from a permanent magnet and the remaining term
is the change in reluctance. Figure 1 shows an example of the geometry of how cogging
torque occurs. As the rotor rotates, the magnetic flux from the permanent magnet tends to
flow toward the side. The smaller reluctance is due to the difference in reluctance between
the stator slot opening and the stator tooth, resulting in a change in reluctance and cogging
torque. In this study, rotor tapering and a two-step skew were applied to reduce this change
in reluctance.
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Figure 1. Example explanation of cogging torque occurrence.

2.2. Analysis of Electromagnetic Vibration of Motor
2.2.1. Electromagnetic Vibration Source (Radial Force)

Electromagnetic vibration is a radial force that propagates into the air. This is trans-
mitted from the stator back to the housing, and the radial force that contributes to external
noise can be calculated as the square of the air gap flux density. The torque density of an
electric motor is proportional to the air gap flux density, and IPMSM types with higher
torque densities exhibit greater electromagnetic vibration. In addition to electromagnetic
performance, it is necessary to design an electric motor that considers vibration noise for
high quality, and to do so, the basic design should consider not only torque, power, and
efficiency, but also vibration caused by electromagnetic forces. Vibration velocity is the
radial vibration speed generated by an electromagnetic radial force acting on the stator
shoes or teeth and transmitted to the stator outer diameter. It can be expressed as vibration
acceleration through differential calculation, but vibration velocity is used in this paper. In
general, the radial force received in a unit area is equal to the square of the total flux density
minus the square of the tangential component of the flux density [22-24]. The radial force
is expressed as follows:

m 1 2(gm 2 (om ~ 1 2 (om

p(6 ,t)—%[B (6, t) — B2 (6", 1)] = 2B )
where 6, t are the components in space and time, pg is the permeability of the air gap,
and B(6™,t), and B?(6™,t) are the total and tangential air gap flux density. Since the
permeability of the iron core is much higher than the permeability of the air gap, the flux
path is almost perpendicular to the rotor and stator core. Therefore, the air gap flux density
in the tangential direction can be neglected because it is a very small value compared to the
radial direction. The flux density B(6™, t) in Equation (2) is the sum of the flux densities
occurring in the stator and rotor windings and is equal to:

B(0™,t) = B (6™, 1) + BT (6™, 1) @)

By substituting Equation (3) into Equation (2), we derived the following expression,
which can be expressed as:

p(O", ) = o[BS (0™, 1) + B (6", 1))

- ﬁ [{BS(Gmrt) }2 +2{B*(6"™, t)Br(Gm,t)} + {B"(6™, 1) }2] 4)

Equation (4) is expressed in three parts: the radial force due to the flux density of
the stator winding, the radial force due to the stator and rotor flux density, and the radial
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force due to the rotor flux density. If the current applied to the motor is assumed to be
sinusoidal, which is an ideal condition, the time harmonic component of the stator flux
density is only the fundamental wave component, and the rotor flux density generates
harmonic components in addition to the fundamental wave.

2.2.2. Stator System Mechanical Properties for Vibration Calculations

The electromagnetic vibration generated in the stator is influenced by the circumfer-
ential mode of the radial force, its frequency, and magnitude. Therefore, the radial force
as a source of electromagnetic vibration must be separated into its circumferential modes
and analyzed for quantitative and qualitative characteristics in terms of magnitude and
frequency. In addition, the mechanical system must be taken into account to predict electro-
magnetic vibrations in motors. However, it is very difficult to make a perfect prediction
of the vibration considering the mechanical structure. Therefore, assuming that the radial
force affects the inner part of the stator, the shoe part, a simple model of the stator is used
to analyze the vibration displacement and vibration velocity mathematically with some
assumptions. First, the stator is assumed to be a ring-shaped cylinder, as shown in Figure 2.
Since vibration velocity and vibration displacement are generated in the circumferential
direction by the radial force, which is an electromagnetic force, it is necessary to find the
vibration mode m and the natural frequency of the stator system in the circumferential
direction to analyze it.

Lok

Figure 2. Simplified stator design.

The vibration displacement A, caused by the mth order vibration mode in the
circumferential direction is expressed by the circumferential mode of the radial force with
r = m, as shown in Equation (5):

Fun/M,
An = n/Me ®)
V(@ — ) + 4t

where M, is the mass of the stator core [kg], w; is the angular frequency of the radial force,
W, O are the natural frequency in mode m and the damping ratio. The magnitude of the
force experienced by the stator is then:

Fy = 7D Loy Py (6)

where Dy; is the stator inner diameter, Ly is the stack length, and Py, is the magnitude of
the radial force in mode m.

According to Equation (5), as the angular momentum w; of the radial force approaches
the natural angular momentum w, of the mode m, the vibration becomes larger, and the
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vibration of the mode m is maximized when w; = wy,. Reformulating Equation (5) with
the magnification factor h,,, yields:

A B 1
" Fu/ (M) @

B
VI Gt fa?]” + 22t )

where f; is the vibration frequency of the rth order vibration mode and f, is the natural
frequency of the mode m. As Af = |f, — fm| and the damping ratio {,, decrease, the
magnification factor h,, increases. Especially when f, = f;;;, the magnitude of the vibration
depends on the mechanical damping of the device structure.

However, the mechanical damping ratio is often difficult to predict with a formula, so
it is usually analyzed empirically through experiments. The empirical damping ratio is a
practical approach to approximate complex mechanical damping that is difficult to describe
theoretically. In small- and medium-sized electrical devices, it is used to express damping
ratio as a function of frequency or other design variables based on experimental data to
predict the dynamic behavior of the device and perform design and optimization. The
empirical damping ratio for small- and medium-sized electrical devices is as follows [26]:

_1
Y

Cm (2.76 X 1075 f + 0.062) )

From Equation (8), it can be concluded that as the natural frequency f;, increases,
the damping ratio {;; also increases. Equation (5) is the vibration displacement due to
one mode, and to obtain the total vibration displacement, the vibration displacement due
to all modes must be calculated. Assuming that the natural frequency of each mode is
distributed in such a way that they do not affect other modes, the vibration displacement
caused by each mode can be calculated by substituting the natural frequency of each mode
into Equation (5). Reformulating Equation (5) with the previously obtained expressions for
the magnitude of the radial force Py, and the magnification factor h,,, yields:

Fin _ 7DsiLgsk

A = h =
" Maw?, " Mew?,

Pyl )

Since radial force is a function of time and space, the velocity of vibration V,, in mode
m is the derivative of A,, with respect to time . Therefore:

nDsiLstk

Vm - erm - anrm

Poyhy, (10)

As shown in the above equation, the vibration displacement and vibration velocity are
determined by the natural frequency w,, and the magnification factor /,,. In addition, the
natural frequency increases as the mode increases, so even if the magnitude of the radial
force is the same, the effect of vibration is relatively small for higher-order modes, and
conversely, the effect of vibration is large for lower-order modes.

2.2.3. Calculate the Natural Frequency of the Stator

It is very important to calculate the natural frequency of a stator in order to predict the
vibration generated by the stator. In general, the natural frequency of the stator is calculated
by considering the stator configuration, considering the core, windings, housing, etc. In
this section, the natural frequency of the stator is calculated by assuming the mechanical
geometry of the stator is a ring-shaped cylinder, as shown in the previous assumption. In
general, the mode-specific natural frequency of the stator is as follows:

1 [ Ky
fm:E m (11)
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f=2124.08 Hz f=5753.76 Hz f=10524 Hz

where K, is the stator stiffness in mode m and M, is the stator mode mass. Therefore, the
natural frequency f;, in mode m can be calculated by finding K, and M,,. In Equation
(10), r =0, 1, 2, 3... represents the order of the circumferential mode and corresponds
to the spatial harmonic component of the radial force, which has different effects on the
vibration depending on the order of the circumferential mode. Figure 3 shows the results
of 3D FEA modal analysis of the stator geometry, without the windings of the conventional
model, conducted in this paper with Ansys Workbench, and the results for the modal
geometries (m = 2, m = 3, m = 4) were obtained. The material of the stator is Steel _1010,
Young’s modulus is 205 [GPa], Poisson’s ratio is 0.28, and mass density is 7872 [kg/ m3].
The frequency of each circumferential mode obtained by modal analysis is relatively far
away from the electrical frequencies of 2 fe (472 [Hz]), 4 fe (944 [Hz]), 6 fe (1416 [Hz]), and
8 fe (1888 [Hz]) of the conventional model, so there is less concern about resonance.

(b) (o)

Figure 3. 3D FEA analysis results of natural frequency and corresponding modal shapes (a) m = 2,
b)ym=3,(c)ym=4.

2.2.4. Extraction Main Vibration Factor Harmonics Order

The radial force and vibration velocity have different time/space harmonic compo-
nents depending on the position as the rotor rotates. For the conventional model in this
paper, there are 16 poles and 8 pole pairs. Therefore, the radial force and vibration velocity
are dominated by the temporal harmonic order components of the second order and the
spatial harmonic order components of the eighth order.

In the case of temporal harmonic order, radial force and vibration velocity are con-
sidered up to the 10th order of the 2nd multiple because of their significant influence. For
the spatial harmonic order, the comparison was conducted in eight orders of magnitude
from 0 to 56. Figure 4 shows a comparison of the magnitude of radial force and vibration
velocity at the rated speed of the conventional model (1770 rpm) with each temporal and
spatial harmonic order component. In Figure 4a, the x-axis shows the spatial harmonic
order from the Oth to the 56th in multiples of 8, the corresponding temporal harmonic order
from the 2nd to the 10th in multiples of 8, and the y-axis shows the corresponding radial
force density. The radial force density values show the greatest influence at the 16th spatial
harmonic order because the motor is 16 poles, and the influence decreases as the order
increases.

In this paper, we needed to extract the order with time/space influence, so we analyzed
the influence of vibration velocity based on the same time/space harmonics, as shown in
Figure 4b. In Figure 4b, we can see that the zero-order spatial harmonic component of the
vibration velocity is 0 [Hz], so it does not vibrate in the presence of radial force, so it is
excluded from the harmonic order to be extracted. Figure 4a,b shows the extraction of the
influential temporal and spatial harmonic orders. Table 2 analyzes the radial force and
vibration velocity in time/space to extract the influential harmonic components. In this
study, the radial force was analyzed through these extracted dominant harmonics [19].
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Figure 4. Time/spatial harmonic order separation of (a) the radial force density (b) the vibration
velocity (@1770 rpm).

Table 2. Selected time/spatial harmonics order.

Time Harmonics Order

2 fe 4 fe 6 fe 8 fe 10 fe

Spatial harmonics order

8,16,32,40 8,16, 32,56 0,24, 48 8,16 8,32

3. Conventional Model Specifications
3.1. Analyze Conventional Model Electromagnetic Performance

The conventional model selected in this paper is a 24[kW] traction motor, which is an
IPMSM with 16 poles and 24 slots that uses a V-shaped rotor structure. The geometry of
this motor was realized through Ansys MAXWELL 2024 R2 2D software, and the results
are shown in Figure 5a. Since the model was too complex and difficult to analyze to include
mechanical factors, the results were based on electromagnetic FEA. The meshing in the FEA
is important to check the cogging torque and air gap flux density, so a more refined mesh
was applied to the air gap between the stator and rotor. This resulted in a total mesh count
of 17,320 elements in 2D. For the motor analysis, the nonlinearity problem, which takes into
account the saturation component of the core and the demagnetization of the permanent
magnet, was solved using the Newton-Raphson method with an energy convergence
criterion to improve accuracy. Ansys MAXWELL 2024 R2 program was used as the analysis
tool. To ensure the reproducibility and reliability of this FEA, the conventional model was
referenced to the actual fabricated model [1], and the simulation results were verified by
comparing them with the existing literature. This ensured the accuracy and reliability of
the results.

140

Rated

120 N
e \_)\
g .
% 60 \ Maximum
=
=
s 40 T~
=

20

0 : : . : : s

0 1000 2000 3000 4000  F000 6000

Speed [RPM]

(b)

Figure 5. Conventional model (a) geometry (b) TN curve.
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Magnetic Flux Density [T]

Rated(@1770rpm)  ----- Max(@6000rpm)

In addition, the torque-speed (TN) curve of this model is shown in Figure 5b. In this
curve, the red circle on the left represents the rated operating condition at 1770 rpm and the
red circle on the right represents the maximum operating condition at 6000 rpm. The major
specifications for these two operating conditions are summarized in Table 3. For the rated
and maximum operating conditions of the conventional model, referring to Equation (1), it
can be seen that the amount of flux generated by the permanent magnets is constant, so the
change in flux and reluctance is almost the same. This also maintains the cogging torque
constant at 10.4 [N-m], which means that since there is no change in the rotor geometry, the
reluctance remains constant and there is no significant difference in the cogging torque.

Table 3. Conventional model basic specifications.

Parameter 1770 rpm 6000 rpm Unit

Stator & Rotor Steel_10101 -

Coil Copper -

Magnet N42UH -

Pole/Slot 16/24 -
Stator outer diameter 280 mm
Rotor outer diameter 200 mm
No-load phase back EMF 76.8 260.4 Vims
Cogging torque 10.4 10.4 N-m
Current 102.5 Arms
Torque 128 26.3 N-m

Line Back EMF 202.9 205.5 \%
Output 23.6 16 kW

Efficiency 96.8 85.9 %

3.2. Analyze Conventional Model Vibration

The vibration noise characteristics were analyzed under the rated (1770 rpm) and
maximum (6000 rpm) operating conditions of the conventional model. Figure 6 shows
the electromagnetic characteristics at the initial position (wt = 0) extracted by 2D FEA for
vibration noise prediction. Figure 6a shows the flux density as a function of mechanical
position at rated and maximum operation from the conventional model. Figure 6b is
a radial graph of the radial force [kN/mm?] at a specific position (wt = 0). The spatial
harmonics are difficult to match perfectly because the rotational speed contains multiple
temporal harmonics.

—— Rated(@1770rpm) === Max(@6000rpm)
0

1200
330 30

300

270

240

Mechanical Angle [Deg] 210 150
180

@) (b)

Figure 6. Electromagnetic characterization of conventional models with 2D FEA (wt = 0) (a) magnetic
flux density (b) radial force density [kN/ mm?].

Figure 7 shows the results of deriving the vibration noise characteristics from the
temporal and spatial harmonic components extracted through 2D FEA. In Figure 7a, the
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x-axis lists the spatial harmonic order extracted from each temporal harmonic component,
which is used to compare the radial force density. Since the model has 16 poles, we can
see that the largest values are found mainly at the 8th and 16th orders. The radial force
density at the rated condition (1770 rpm) is larger than the maximum condition (6000 rpm),
which is due to the fact that the beta angle control at maximum operation tends to generate
a reverse magnetic field, resulting in a lower radial force density. Figure 7b shows a
comparison of the vibration velocity for each time harmonic order. Since the zero-order
time harmonic component is 0 [Hz], it can be seen that the presence of radial forces does not
cause vibration. The vibration velocity RMS value at rated is 0.52 [mm/s], and at maximum
condition, it is 2.94 [mm/s], which is higher than the rated value. This was analyzed as
a result of the increase in vibration velocity due to the increase in speed and frequency
during maximum operation.

300 0.25
5 —_
g - HRated(@1770rpm) E mRated(@1770rpm)
:i B Max{@6000rpm) g o2 B Max(@6000rpm)
L2 P
£ =015
= 150 =
"] 5]
A o1
g 100 g
° =
chy I I I III =" I
= 2
Eﬂl III“Il il L s, I|||.|-I_|_._-_-_-____
B 16 31 498 16 A2 s6..0 14 481 8 l&a i § 32 Total Ofe 2fe d4fe d6fe Gfe 10fe 12fe 14fe 16fe 18fe 20fe 22fe
e e bfe Bfe 10fe Time harmonics order

Time Harmonics

(a) (b)

Figure 7. Comparison of conventional model electromagnetic characterization at rated speed
(1770 rpm) and maximum speed (6000 rpm) (a) and the radial force density distribution over the
selected time/space harmonic order. Overall, higher radial force at rated operation than at maximum
operation, (b) comparison of vibration rates for different harmonic orders. For the overall harmonic
order, the vibration velocity is lower at rated operation than at maximum operation, with a significant
increase in total vibration velocity at maximum operation.

4. Proposed Model
4.1. Main Variable Parameters
Figure 8 shows the rotor tapering parameters tapering thickness (T;) and tapering

angle (Tjeg). T; suggests tapering at the rib so as not to obstruct the flow of magnetic flux
from the permanent magnet.

Figure 8. Definition of Tt, Tieq-

For manufacturability considerations, the length of T; is formed such that the rib
thickness is at least 0.6 [mm]. To reduce the effect on the back EMF, Ty, is given to the rib
area, except the pole piece area where the main magnetic flux flows, to provide an ideal
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cogging torque reduction model. When applying the variable of Ty, a two-step skew is
applied by dividing the stack length in half and angling it in opposite directions while
keeping T; applied. This has the effect of canceling out cogging torque in any localized area
subjected to a difference in reluctance.

4.2. Deriving the Optimal Model

In this paper, to perform optimal design using the variables in Figure 8, we used the
response surface method (RSM), which can statistically analyze the influence of a response
variable on multiple variables to derive an optimal model. In this paper, we considered the
optimal design of the objective function using two variables. Based on a comprehensive
consideration of the suitability, complexity, and compatibility with the experimental design
of optimal design methods, we conclude that RSM provides an interpretable and simpli-
fied optimization approach compared to other methods. In particular, the second-order
polynomial regression model is used as a mathematical tool to clearly represent the interac-
tion between variables and effectively solve the optimization problem [27,28]. RSM is a
method that statistically analyzes the change in response when multiple variables X act in
combination to affect a specific response variable Y [19,20]. The experimental range of the
proposed variables for the conventional model at rated operation (1770 rpm) is shown in
Table 4. Equation (12) shows the fundamental equation of the second-order polynomial
regression function, and Equations (13)—(15) show the regression functions for cogging
torque, no-load back EMEF, and vibration velocity, respectively.

p p
vi=PBo+ Y Bixi+ ) Bijxixj + & (12)

i=1 i<j
YCogging torque = 449 — 4.12(X1) — 0.65(X2) - - - — 0.73(X1) (X2) (13)
YNoload back EMF = 73.9 — 2'16(X1) - 2'24(X2) R 1'96(X1)(X2) (14)
YVibration velocity = 0.39 — O'll(Xl) - 0'02(X2) R 0'02(X1)(X2) (15)

where B1, B2, - -, Bi are the regression coefficients of each variable, x1, x2, - - -, xi are the
variables in the code, ¢ is the error term in the response, and X; — X, are the variables T},
Tjeg- Table 4 shows the ranges of design variables set to use RSM. Variable T; was set to
0-1.8 [mm] to account for a minimum fabrication thickness of 0.6 [mm] and a range of no
more than 1.8 [mm] without physically destroying the rotor geometry. Variable T, was
set to 0-3.0[°], considering the range from the pole piece to the rib piece, excluding the area
that does not affect the pole piece, which is the passage through which the main magnetic
flux flows, while maintaining the same performance to the extent possible. Subsequently,
the variables were selected based on the design of experiments (DoE) method, which
systematically selects experimental variables and value ranges for optimal design. Based
on the variables and ranges presented in Table 4, a design matrix including center points
(0.9 [mm], 1.5[°]) and axis points (1.8 [mm], 3.0[°], etc.) was generated using a quadratic
response surface method design and central composite design (CCD). The optimized
increment size was then set, and the optimization was performed by substituting the
optimal points derived from the RSM into the regression function, and the optimal points
were derived as T; = 1.8 [mm] and Theg = 3.0[°]. Comparing RSM and FEA, we found that
the error was less than 1[%]. The error rate was similar to the FEA results, which is enough
to prove its effectiveness and reliability. The reason for the slight error is that the CCD was
used to derive the optimal model based on the design matrix including the center and axis
points. If the sampling points were set more precisely, the error rate in certain areas would
be significantly reduced.
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Cogging Torque [N-m]
N

g

" o6
Tape’ e

Table 4. Design variables and experiment range for RSM.

Contents T; [mm] Tdeg [°]
Range 0-1.8 0-3.0
Optimal point 1.8 3.0

In conclusion, we can conclude that RSM is valid. The results of the RSM results are
shown in Figures 9 and 10, where the estimated values are plotted against the variables
T; and Tj,. Figure 9a shows the cogging torque at the rated speed of 1770 rpm, and it
can be seen that the larger the values of T; and Ty, the smaller the reluctance change,
which reduces the cogging torque. Figure 9b shows the no-load back EMEF, and it can
be seen that as T; and Ty, become larger, the polypiece portion, which is the magnetic
flux path, shrinks, resulting in a proportional decrease in the back EMF. Figure 9c shows
the RMS vibration velocity, and, similar to the cogging torque, it can be seen that the
vibration velocity decreases as T; and Ty, increase. In this paper, it was determined that
the conventional model can maintain the same performance even if the no-load back EMF
is slightly reduced because the current density has a margin of about 10%. Therefore, the
final model is proposed by selecting the optimum point of T; = 1.8 [mm], Ty, = 3.0[°].
Figure 10 shows the results of each variable at the maximum operating speed of 6000 rpm,
and the optimum model is derived in a similar way to Figure 9.

Optimal point | {6
\

Noload Back EMF [V,
RMS Vibration Velocity

Figure 9. Results of deriving response variables based on variables a and b with RSM
(rated @1770 rpm) (a) cogging torque (b) no-load back EMF (c) RMS vibration velocity.
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Figure 10. Results of deriving response variables based on variables a and b with RSM
(max @6000 rpm) (a) cogging torque (b) no-load back EMF (c) RMS vibration velocity.

4.3. Comparative Analysis of Proposed Model Performance Characteristics
4.3.1. Electromagnetic Performance of Proposed Model

As explained earlier, the optimal proposed model with T; = 1.8 [mm], T, = 3.0[°]
was derived through RSM. As a result, the proposed rotor two-step skew geometry reduces
the cogging torque by about 91.6[%] at nominal and about 91.8[%] at maximum compared
to the conventional model while maintaining the same performance even though the no-
load back EMF is slightly reduced. Figure 11a shows the 3D realization of the 1/8th cycle
model of the conventional model rotor. Applying an asymmetric two-step skew to the rotor
in the conventional model results in the geometry shown in Figure 11b. The waveforms
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of cogging torque and no-load back EMF are shown in Figure 12. Figure 12a shows that
the total cogging torque can be canceled out in both sections through the asymmetric
angle at the top and bottom, which reduces the cogging torque. Figure 12b shows that the
asymmetric structure of the rotor at the top and bottom prevents the asymmetric structure
of the back EMF, which enables the maximum back EMF and maximum torque.

—  Top:3°

— Bottom: —3°

(a) (b)

Figure 11. Model topology (a) conventional model (b) proposed model.
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Figure 12. Sum waveform according to Ty, = 3.0[°], —3.0[°] (a) cogging torque (b) no-load back
EMF(@1770 rpm).

To determine the mechanical safety of the proposed model, Workbench 3D FEA was
performed at maximum operation (6000 rpm) and the results are shown in Figure 13.
Figure 13a shows the equivalent stress of the proposed model. Here, the maximum stress is
generated locally between the permanent magnet and the rib due to centrifugal force as
the rotor rotates. However, the analysis shows that the yield tensile strength of Steel _1010
is 78.45 [MPa], compared to 18.05 [MPa], which is low enough to be mechanically robust.
Figure 13b also shows that the minimum safety factor is about 4.4. As an empirical value, a
safety factor of 2 or more is considered safe. Therefore, the proposed model can be said to
be mechanically robust at rated and maximum operation.

A: Static Structural
Equivalent Stress

A: Static Structural
Safety Factor

Type: Safety Factor
Tirne: 1

Type: Equivalent (von-Mises) Stress

Unit: MPa

Tirmne: 15

5540

15.047
12.546
12.044
10.543
9.0411
7.5306
6.0381
45366
30351
15337
0.032173 Min

(a) (b)

15 Max
13571
12143
TN
L] 02657
L resn
Ll 54288

= [44321 win
. 3.3333

. 25

.. 1.8667
083333

0

Figure 13. Result of mechanical stiffness analysis of the proposed model (a) equivalent stress,
(b) minimum safety factor.
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4.3.2. Electromagnetic Vibration Analysis

To validate whether the radial force and vibration noise are substantially reduced by
reducing the cogging torque, one of the electromagnetic vibration noise sources, a compar-
ative analysis of the extracted main temporal and spatial harmonic order components was
performed. Figure 14 shows the analysis of radial force and vibration velocity at a rated
speed of 1770 rpm. Figure 14a shows the radial force values from the extracted time/space
harmonic components. Compared to the conventional model, it was observed that the
radial force is reduced overall in each harmonic component by the proposed model. In
Figure 14b, the vibration velocity tends to decrease overall from the conventional model to
the proposed model, which verifies that the proposed model reduces the vibration noise by
about 51.9[%] compared to the conventional model at the rated level. The analysis of radial
force and vibration velocity at the maximum operating speed of 6000 rpm using the same
method is shown in Figure 15. In Figure 15a, the radial force tends to decrease overall when
the proposed model is applied from the conventional model to the proposed model, but
there are some sections where the value increases, which is partly due to the phenomenon
that the vacancy flux density is temporarily skewed due to the saturation of both ribs,
resulting in a partial increase at high spatial harmonic orders. However, in Figure 15b it
can be seen that the vibration velocity is significantly reduced from the conventional model
to the proposed model, and even if the radial force is increased at some spatial harmonic
orders, it is judged that the vibration is also reduced because it is reduced overall. In other
words, at the maximum, the vibration of the proposed model is reduced by about 68.7[%]
compared to the conventional model. By reducing the cogging torque, it was possible to
reduce the radial force, which ultimately reduced the vibration noise. As a result, Table 5
shows that applying the proposed model to the conventional model reduces the cogging
torque and vibration velocity at rated and maximum operation.

300
E‘ B Cimventional Model(g 17 Wrpm) —_— 0.08
i W o H
E23 OPdoposed Model E 007 B Conventional Model{i@177 0rpm)
é OProposed Model
200 B oos
.E | i Lroas
1 | o
é 10 ] | 2004
@ H ! o
Z 100 ; ! w003
= =
- S0
E 50 =
: H [ I 2 H |
ﬁ“ I I|:| i i gﬂ |_|I|_|.r|..—|-_-______
8 16 32 4018 16 32 56i0 24 488 168 32! - Total Ofc 2fc 4fc 6fe Sfe 10fc 12fe 14fc 16fc 18fe 20fe 22fe
e ke 6l Sl 106

Time Harmonics order Time Harmonics order

(@) (b)

Figure 14. Comparison analysis between the conventional and proposed models at the rated speed of
1770 rpm (a) the radial force density distribution over the selected time/space harmonic order. Overall
lower radial force in the proposed model compared to the conventional model, which contributes to
reduced vibration, (b) comparison of vibration rates for different harmonic orders. The proposed
model reduces the total vibration velocity by reducing the overall harmonic order compared to the
conventional model.

Table 5. Analyzed major results of the proposed model compared to the conventional model.

Conventional Proposed
Model Model .
Contents Unit
Rated Max Rated Max
1770 rpm 6000 rpm 1770 rpm 6000 rpm
Cogging torque 10.4 0.7 N-m
No-load back EMF 76.8 260.4 68.7 232.8 Vims

RMS vibration velocity 0.52 2.94 0.25 0.92 mm/s
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Figure 15. Comparison analysis between the conventional and proposed models at the maxed
speed of 6000 rpm (a) the radial force density distribution over the selected time/space harmonic
order. Overall lower radial force in the proposed model compared to the conventional model, which
contributes to reduced vibration, (b) comparison of vibration rates for different harmonic orders.
The proposed model reduces the total vibration velocity by reducing the overall harmonic order
compared to the conventional model.

5. Conclusions

The vibration and noise reduction proposal for traction motors proposed in this
paper applies an asymmetric two-step skew model to the rotor to reduce the variation of
magnetic resistance, resulting in a significant reduction of cogging torque. This approach
significantly reduces cogging torque as well as vibration noise, contributing to improved
operator comfort and minimizing negative impacts on the performance and lifetime of the
motor. The reduction in cogging torque was significantly reduced to approximately 91.6[%]
and 91.8[%] at rated and full operation, respectively. In addition, the vibration velocity
was also reduced by approximately 51.9[%] at rated operation and 68.7[%)] at full operation
due to the overall reduction in radial force, as determined by extracting the dominant
time/space harmonic components and identifying the corresponding radial force. The
validity of the proposed model is demonstrated through formulations and FEA based
entirely on numerical analysis and results.
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