energies

Article

Diagnosis and Robust Design Optimization of SPMSM
Considering Back EMF and Cogging Torque due to
Static Eccentricity

Jin-Cheol Park 1@, Soo-Hwan Park 10, Jae-Hyun Kim (7, Soo-Gyung Lee 2, Geun-Ho Lee 3

and Myung-Seop Lim *

check for

updates
Citation: Park, J.-C.; Park, S.-H.; Kim,
J-H.; Lee, S.-G.; Lee, G.-H.; Lim, M.-S.
Diagnosis and Robust Design
Optimization of SPMSM Considering
Back EMF and Cogging Torque due
to Static Eccentricity. Energies 2021, 14,
2900. https://doi.org/10.3390/
en14102900

Academic Editor: Felix Barreras

Received: 20 April 2021
Accepted: 12 May 2021
Published: 17 May 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Automotive Engineering, Hanyang University, Seoul 04763, Korea;
skensk1990@hanyang.ac.kr (J.-C.P.); shwanpl4@hanyang.ac.kr (S.-H.P.); zergl258@hanyang.ac.kr (J.-H.K.)
Steel Solution R&D Center, Posco, Incheon 21985, Korea; soogyunglee@posco.com

Electric Motor Control Laboratory, Graduate School of Automotive Engineering, Kookmin University,
Seoul 02707, Korea; motor@kookmim.ac.kr

*  Correspondence: myungseop@hanyang.ac.kr

Abstract: Static eccentricity (SE) is frequently generated by manufacturing processes. As the nonuni-
formity of the air-gap length is caused by the SE, the torque ripple and cogging torque increase in the
motor. This study analyzes the distorted back electromotive force (EMF) and cogging torque due to
SE. Further, a motor design considering SE is performed for stable back EMF and low cogging torque.
First, the SE was diagnosed and analyzed using the back EMF and cogging torque measured from
the test results of the base model. In addition, the rotor position was calculated using the unbalanced
back EMF due to the SE. The calculated rotor position is used when analyzing phenomena due
to SE and applied to robust design. Subsequently, robust design optimization was performed to
improve the unbalanced back EMF and cogging torque due to SE. Using finite element analysis (FEA)
considering SE, the shape of the stator was designed based on the base model. The estimated rotor
position from the base model was applied to the optimum model to confirm its robustness from SE’s
effects. Finally, the base and optimum models were compared through the test results.

Keywords: back electromotive force; cogging torque; robust design optimization; static eccentricity

1. Introduction

Permanent magnet synchronous motors (PMSMs) are widely used in industrial and
automotive applications. PMSMs are classified as surface-mounted permanent magnet
synchronous motor (SPMSM) and interior permanent magnet synchronous motor (IPMSM)
according to the location of the PM. In particular, SPMSM is used in various applications
owing to its low cogging torque and torque ripple [1,2]. However, cogging torque and
torque ripple of motors increase due to rotor eccentricity. Rotor eccentricity is frequently
generated for various reasons, such as the assembly tolerances of bearings or housings,
defects in bearings, and the manufacturing process of the motor [3-8]. Rotor eccentricity
is classified into static eccentricity (SE) and dynamic eccentricity (DE). SE and DE are
caused by the eccentricity displacement between the central axis of the stator and rotor [9].
Therefore, cogging torque and torque ripple increase because the air-gap length due to SE
and DE becomes nonuniform [10-12].

Rotor eccentricity can be diagnosed and analyzed using simulation and test results of
cogging torque, vibration, phase current, and impedance. The periodicity of the cogging
torque is the least common multiple (LCM) of the number of poles and slots in a healthy
motor. However, the additional harmonic order of cogging torque is generated by the rotor
eccentricity. SE or DE is diagnosed using the additional harmonic order [13-19]. Vibration
caused by rotor eccentricity is analyzed by measuring the amplitude and frequency of the
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vibration and calculating the deformation of the motor. As a vibration phenomenon caused
by rotor eccentricity, an additional vibration order is created, or the amplitude of vibration
increases compared to a healthy motor [20-22]. Further, an imbalance between the phase
current and impedance occurs due to the rotor eccentricity. By measuring the phase current,
impedance, and sensor, the type of rotor eccentricity can be distinguished by using the
deviation of the amplitude [23-28]. Next, a control technique is used to solve the unstable
motor performance caused by rotor eccentricity with various diagnostic methods [29-32].
Owing to the current imbalance caused by rotor eccentricity, current harmonics are injected
using the inverter and control [33]. However, this operation involves complex algorithms
and high-quality electronic components. Therefore, it is necessary to study the methods
that can effectively minimize the influence of rotor eccentricity.

The contribution of this study is to diagnose the type of rotor eccentricity and predict
the rotor position by analyzing the back electromotive force (EMF) and cogging torque.
Further, a robust design process considering rotor eccentricity was proposed for stable back
EMF and low cogging torque. The rotor position is necessary to accurately analyze rotor
eccentricity. However, it is very difficult to estimate the rotor position by measuring eccen-
tric displacement and angle. Unlike other papers, this manuscript not only diagnoses rotor
eccentricity but also estimates eccentric displacement and angle. The rotor eccentricity type
is diagnosed from the test results of the back EMF. In addition, the eccentric displacement
and angle were estimated using the FEA simulation and the variance of the test results for
the back EMF. The calculated rotor position was applied in the robust design to improve
the unstable back EMF and cogging torque. The torque ripple or cogging torque increases
as the air gap length is nonuniform due to the rotor eccentricity. Therefore, a motor design
considering the rotor eccentricity is necessary to reduce the cogging torque and torque
ripple. To solve the problem caused by rotor eccentricity, this manuscript proposes a robust
design process. The stability of the designed optimum model over the base model from
rotor eccentricity is verified using finite element analysis (FEA), including the measured
rotor position.

This paper is organized as follows: In Section 2, the rotor eccentricity is defined
analytically. In Section 3, the type of rotor eccentricity is distinguished through harmonic
analysis by measuring the back EMF and cogging torque in the base model. Then, the
rotor position is identified based on the analyzed back EMF. In Section 4, a robust design is
developed based on rotor eccentricity. The optimum model is determined using robust
design optimization. The estimated rotor position is applied as an analysis condition to
confirm the robustness of the optimum model to rotor eccentricity. In Section 5, the base
and optimum models are compared through the test results of the back EMF and cogging
torque. It is verified that the optimum model is more robust to rotor eccentricity than the
base model.

2. Static and Dynamic Eccentricity

Rotor eccentricity is generated by various reasons, such as mass production, bearing
defects, and assembly tolerances. It can be typically classified into SE and DE, as shown in
Figure 1. The SE and DE are expressed as:

. 00, forDE
e‘{ 0,0,, for SE } @)
e
k= — 2
% ()

where ¢ is the eccentricity displacement, O; is the stator axis, O; is the rotor axis, O, is the
rotation axis, k is the relative eccentricity, and g, is the air-gap length in a healthy condition.
A healthy motor rotates with Os, O,, and O,, positioned at the origin. Therefore, the air-gap
length is uniform. In the case of SE, O; is located at the origin. However, O, and O, is
located at eccentricity displacement. In the case of DE, O; and O, are located at the origin.
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However, O, is located at eccentricity displacement. The SE and DE are such that the
air-gap length is nonuniform. The air-gap length is expressed as:

g, t) = go [1kcos(1xc;t9>} (©)]

where « is the mechanical angle of the rotor, p is pole pair, 8 is the eccentricity angle, and w
is the angular velocity of the electrical angle. The air-gap length is time-independent in the
case of the SE since O, and O, are located in the same position. When the SE is generated,
the air-gap length is t = 0 in (3). The air-gap length is time-dependent in the case of the DE
since Oy and O, are not located in the same position. Therefore, when DE is generated, the
air-gap length is considered according to the time.

® O, (Stator axis) 0 O (Rotor axis) ©0O,, (Rotation axis)

Static eccentricity (SE) ‘ Dynamic eccentricity (DE) ‘

Figure 1. Definition for static and dynamic eccentricity.

The main factor determining motor performance is air-gap flux density, which is
related to the amplitude and waveform of the back EMF and the cogging torque. The
air—gap flux density is defined as:

By = FpmA 4)

where Bq is the air-gap flux density, Fyy, is the magnetomotive force (MMF) caused by
the PM, and A is the relative permeance of the air gap. The MMF caused by the PM is
expressed as:

Fym =) _ Fym cos (ppwmt — ppa + ¢y, 5)
u

where y is the spatial harmonic order of the air-gap MMF caused by the PM. The relative
permeance is defined as:

Ho
A= 6
keg(a, t) ©)
where ji is the vacuum permeability, and k. is Carter’s coefficient. Consequently, the
nonuniformity of the air-gap length caused by the rotor eccentricity affects the relative per-
meance. Therefore, the amplitude and frequency of the air-gap flux density are determined
based on the occurrence of SE or DE.

3. Diagnosis and Analysis of Base Model

Figure 2 summarizes the process for diagnosing the rotor eccentricity of the base
model. Figure 3 shows the structure and winding arrangement of the base model. The
specifications of the base model are listed in Table 1. The type of rotor eccentricity can be
diagnosed from the back EMF waveform of the test result and the 8-pole 9-slot winding
arrangement. In addition, the rotor position can be identified by analyzing the amplitude
of the back EMEFE. The identified rotor position is reflected in the base model, and FEA
simulation is performed to confirm the cogging torque waveform. Moreover, it compares
and analyses cogging torque waveforms from test and simulation results.
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Figure 2. Diagnosis process for determining the type of rotor eccentricity and rotor position.
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Figure 3. Base model (a) structure (b) winding arrangement.



Energies 2021, 14, 2900

50f19

Table 1. Specifications of the base model.

Item Unit Value
Motor type - SPMSM
Number of Poles - 8
Number of Slots - 9
Stator diameter mm 33.2
Rotor diameter mm 19
Stack length mm 30
Air-gap length mm 0.5
Core material - 50PN470
DC link voltage A\ 24
PM type - Ring magnet
PM thickness mm 2
PM material - Bonded NdFeB

3.1. Back EMF Analysis to Diagnose Rotor Eccentricity

The flux linkage is related to the air-gap flux density, which is influenced by the air-gap
length of (3). When the air-gap length becomes nonuniform due to SE or DE, the flux
linkage is generated to be unbalanced. In particular, as the coils of A, B and C phases are
concentrated in one region of the winding arrangement, the difference in the flux linkage
of A, B, and C phases becomes large due to SE or DE. To confirm the difference in the
back EMF waveform due to SE and DE, the FEA simulation was performed based on the
specification of the base model in Table 1.

As a simulation condition, the relative eccentricity was half of the air-gap length.
Figure 4 shows the simulation results of the back EMF considering the SE. By using the
back EMF waveform and the harmonic analysis result, it can be confirmed that a deviation
in the back EMF amplitude of each phase is generated during the mechanical cycle. As the
rotor rotates at a specific position, the back EMF of the A phase, which is closest to the rotor
position, has the largest amplitude. Figure 5 shows the simulation results of the back EMF
considering the DE. By using the back EMF waveform and the harmonic analysis result, it
can be confirmed that the maximum values of the back EMF in the A, B, and C phases are
the same during the mechanical cycle. Therefore, the difference between SE and DE can be
confirmed from the back EMF waveform and harmonic analysis of the simulation result.

Lo I A-phase Il B-phase

% LS A-phase/—— B-phase/—— C-phase [0 C-phase

. 1.0 ;
ERRAYAVAVAVAYAVAVAYAVAYAYAY P
8 o ANAANAANAANE ol il
SAATANARIA N et
: SWNMAMAMANE T
£ | k=05 {7 " |
2 71'50 60 120 180 220 300 30 % 1 2 3tals 6 7 8 910

Mechanical angle (°) Harmonic order
(a) (b)

Figure 4. Simulation result of back EMF considering static eccentricity (a) waveform (b) harmonic
analysis.
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Figure 5. Simulation result of back EMF considering dynamic eccentricity (a) waveform (b) harmonic
analysis.

To diagnose the type of rotor eccentricity for the base model, a no-load test was
performed. Figure 6 shows the test equipment for measuring the back EMF and cogging
torque. When electrical energy is supplied to the AC servo motor from the power supply,
the test motor rotates to generate back EMF and cogging torque. The back EMF was
measured through a voltage probe. The cogging torque was measured through a torque
sensor. The oscilloscope was used to record and store data of back EMF and cogging torque
waveform. The reducer was used to lower the speed range. Figure 7 shows the test results
of the back EMF at 1000 rpm. The test results of the back EMF harmonic analysis are
summarized in Table 2. There was a deviation in the measured phase back EMF owing
to the rotor eccentricity. The amplitude of the A-phase back EMF was the largest, and the
C-phase back EMF was the smallest. Further, since the deviation of the phase back EMF
was maintained when the motor was rotating, it could be diagnosed as SE.

AC servo || Reducer
motor

Figure 6. Test equipment for measuring back EMF and cogging torque.

Table 2. No-load test result of back EMF harmonic analysis.

Item A Phase B Phase C Phase
Back EMF (Vi4) 3.32 3.12 2.94
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Figure 7. No-load test result of back EMF for the base model (a) waveform (b) harmonic analysis.

The rotor position was calculated to analyze the phenomenon of SE. The rotor position
could be divided into eccentricity displacement and angle. Figure 8 shows the simulation
condition of the eccentricity displacement and angle using the polar coordinate system. The
range of eccentricity displacement was determined from 0 mm to 0.25 mm. In Figure 4,
simulation was performed considering the eccentricity displacement of 0.25 mm (k = 0.5) in
the base model. The deviation of the back EMF obtained from the result of the FEA simulation
was about 20%. In Figure 7, the deviation of the back EMF obtained from the test result was
about 10%. Therefore, in Figure 8, the eccentric displacement of the base model was included
within 0 mm to 0.25 mm. The range of eccentricity angle was determined considering the
winding arrangement of 8-pole and 9-slot. The test results are shown in Table 2. In Figure 8,
the windings of the A phase are located within 0° to 120°. In addition, 0° to 60° and 0° to
120° were symmetric. The amplitude of the back EMF of the test result was the smallest in
the C phase back EMEF. If the eccentricity angle ranged between 60° and 120°, the A-phase
back EMF was the largest, and the B phase back EMF was the smallest. Therefore, to
predict the eccentricity angle from the test result, it was determined that the range of the
eccentricity angle for analyzing the FEA simulation was 0° to 60°. Figure 9 shows the
simulation results of the back EMF variance and the amplitude of the A-phase back EMF
according to the eccentricity displacement and angle. The variance was expressed as:

1

n—1:*
1

v =

) (xi — u)? )
=1

where u is the average value, n is the number of variables, and x; is the variable. The
variance is the mean of the squared deviations. The variables are the amplitude of the back
EMF in the A, B, and C phases. The relationship between the back EMF and SE could be
confirmed indirectly from the simulation results. Therefore, the eccentricity displacement
and angle could be determined at the point that satisfies both the test and the simulation
resulted using the back EMF variance and the amplitude of the A-phase back EMF. Using
the FEA simulation of the base model, the back EMF in the A, B, and C phased was
analyzed according to the eccentricity displacement and angle. Subsequently, the back
EMEF variance was calculated from the back EMF test results to estimate the eccentricity
displacement and angle.
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Eccentricity displacement (mm)

Figure 9. Simulation result of according to eccentricity displacement and angle (a) back EMF variance (b) back EMF
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Figure 10 shows the process of determining the eccentricity displacement and ang]le.
First, the variance in the base model of the 8-pole 9-slot was calculated using (7) from the
test result of the back EMF in Table 2. The A phase back EMF with the largest amplitude
was selected because the B phase and C phase back EMF were considered in the FEA
simulation according to the eccentricity displacement and angle. Next, the locus was
expressed to match the test and simulation results with each other. The locus of variance
was satisfied with a comparison of the test and simulation results for the back EMF variance.
The locus of amplitude was satisfied with a comparison of the test and simulation resulted
for the amplitude of the A phase back EMF. The intersection point of the loci of variance
and amplitude was considered as the eccentricity displacement and angle. Therefore, the
SE could be diagnosed, and the eccentricity displacement and angle could be calculated.
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Figure 10. Determination of eccentricity displacement and angle.

3.2. Cogging Torque Analysis to Diagnose Rotor Eccentricity

The cogging torque was determined by the magnetic stored energy generated from
the air-gap flux density. Ignoring the slot effect and considering that the permeability of
the iron core is infinite, the magnetic stored energy generated in the air gap of the SPMSM

can be calculated as:
1 My \2
W= _— / Bf( > av @®)
2u0Jv By + g

where B, is the remanence of the PM, and &, is the thickness of the PM. The cogging torque
is determined by the air-gap length and flux density. The air-gap length and flux density
become nonuniform due to SE. Therefore, the periodicity of the cogging torque is generally
the LCM of the number of poles and the number of slots, but additional harmonic order is
also generated by SE.

Figure 11 shows the test and simulation results of the cogging torque for the base
model. The test setup is shown in Figure 6. Two types of simulation resulted were
considered: one was performed under healthy conditions using FEA simulation, and
the other was performed by applying the estimated eccentricity displacement and angle
using FEA simulation. The periodicity of the cogging torque in a healthy motor was the
LCM of the number of poles and slots. Furthermore, the amplitude of the cogging torque
was considerably small. However, when the simulation was performed by applying the
predicted eccentricity displacement and angle, the 8th harmonic order was the largest in
the simulation results. In the base model of the 8-pole 9-slot motor, it could be confirmed
that the harmonic order for the number of poles was caused by SE. In addition, the SE
could be analyzed through the harmonic orders of the cogging torque from the test resulted.
In particular, the 8th harmonic order was most remarkable. The amplitude and harmonic
order of the cogging torque were similar in the test and simulation results. Therefore, the
SE was confirmed using the simulation and test result of the cogging torque.




Energies 2021, 14, 2900

10 of 19

30
o 2 —— Test——Simulation (Healthy) | —— Simulation (Healthy) o €
% —— Simulation (Static eccentricity) 0.01 E
S 10 =
S //\ /\ JAWA /\ N //\ /\V/\ /\VA /\v/\ /\V/\ /\v/\ /\VA o 3
\VAVAVAVRVAY AR AR VAR VAR AR VAR -
c 001 <
g 20 3
S -30 ' ' ' ' : ' ' ' ' ' —0.02 S

0 60 120 180 240 300 360 330 335 340 345 350 355 360

Mechanical angle (°) Mechanical angle (°)
(a)
15

== Test == Simulation (Healthy)
12— === Simulation (Static eccentricity)

9r g Harmonic order :8th
~ (Static eccentricity)

Harmonic order : 72nd
LCM (Pole, Slot)

oLl ol m. Lo F=r-EE
0 2 4 6 8 10 12 14 16 707172737475

Harmonic order
(b)

Cogging torque (mNm)

Figure 11. Comparison of simulation (healthy, static eccentricity) and test result of cogging torque (a) waveform (b) harmonic

analysis.

4. Robust Design Optimization Considering Static Eccentricity

As mentioned in Section 3, the unbalanced back EMF and cogging torque due to SE are
confirmed in the base model of the 8-pole 9-slot motor. SE is an unavoidable phenomenon
caused by various manufacturing processes or conditions. The design goal of this study
is to improve the stable back EMF and low cogging torque while including the SE. The
design process for reducing the unbalanced back EMF and cogging torque is summarized
in Figure 12. The number of slots in the stator is changed from 9 to 12 to remove the
unbalanced back EMF. Robust design optimization is employed to reduce the cogging
torque. First, the design of the experiment (DOE) is established using a combination of
optimal Latin hypercube design (OLHD) and sequential maximin distance design (SMDD)
to create a kriging surrogate model.

Subsequently, the FEA simulation was used to analyze the cogging torque based on
DOE and calculate the cogging torque variance. By using the generated kriging surrogate
model, the design point was determined for the minimization of the objective function
under the constraint condition. Finally, the eccentricity displacement and angle predicted
in Section 3 were applied to the optimum model. Subsequently, it was confirmed that the
back EMF and cogging torque were improved when the optimum model compared with
the base model even if SE was generated.
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A. Selection of the number of slots
for reduction of unbalanced back EMF
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B. Robust design optimization
for reduction of cogging torque
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Figure 12. Design processes for minimizing the effect of static eccentricity.

4.1. Selection for the Number of Slots

The unbalanced back EMF due to the SE can be effectively removed by changing the
number of slots. Figure 13 shows a comparison of the winding arrangements of the 8-pole
9-slot and the 8-pole 12-slot motor. To confirm the back EMF considering SE according to
the change in the number of slots, the design conditions were based on the base model of
stator outer diameter, outer rotor diameter, number of poles, and power specifications. As
discussed in Section 3, if the SE were generated in an 8-pole 9-slot motor, the back EMF
became unstable. In the 8-pole 9-slot motor, the windings of the A, B, and C phases were,
respectively, placed in a single region of the stator. Therefore, the deviation of the back
EMF in the A, B, and C phases was generated by the interaction of the nonuniform in
the air-gap length and the 8-pole 9-slot winding arrangement. However, in the 8-pole
12-slot motor, the windings of the A, B, and C phases were evenly placed in the stator. The
amplitude of the back EMF in the A, B, and C phases was generated by constant even if the
nonuniform in the air-gap length occurred. The maximum number of slots that could be
manufactured was 12 slots, considering the thickness of the teeth. Therefore, the number
of slots was decided as 12 slots, considering the robustness of the back EMF due to SE and
manufacturing conditions.

| Phase A il Phase B [ Phase C

8-Pole 9-Slot 8-Pole 12-Slot

Figure 13. Comparison of winding arrangement between the 8-pole 9-slot and 8-pole 12-slot motor.
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4.2. Robust Design Optimization
4.2.1. Definition of the Design and Cogging Torque Variables

For accurate design, robust design optimization was conducted based on the base
model specified in Table 1. Stator outer diameter, outer rotor diameter, pore length, core
material, and magnet material are the same. Figure 14 shows a summary of the design
variables. They are the tooth tip, slot opening, and tooth thickness. Further, the slot
area was maintained constant to determine the yoke thickness according to the tooth
thickness. To confirm the variation of cogging torque due to SE, the design parameters
with uncertainties were determined as eccentricity displacement and angle as described in
Section 3. Table 3 summarizes the maximum and minimum values of the design variables
and the design parameters with uncertainties. Statistically, the cogging torque variance
could be calculated to evaluate the cogging torque due to the SE. The cogging torque
variance was based on Taylor’s expansion in the approximate variance [34]. As design
parameters with uncertainties, the eccentricity displacement and angle were assumed to be
from Gaussian distributions. The cogging torque variance was defined as:

2
0.f2:0.p2<f(yp+h)_f(ylﬂ)> (9)

h

where 07 is the standard deviation of cogging torque variance, 0y is the standard deviation
of the Gaussian distribution for the design parameter, y,, is the mean of the Gaussian
distribution for the design parameter, and # is the derivative of the design parameter. By
calculating the cogging torque variance according to design variables, the relationship
between the effect of SE and the design variables could be confirmed. Finally, the design
variables were determined by selecting for minimizing the cogging torque variance.

3) Tooth (inm) Constant
-~ slot area
(mm?)
@ Slot opening (mm)
p / \‘ %’@ Tooth tip (rﬁpl)

Figure 14. Design variable.

Table 3. Boundaries of design variable and design parameter with uncertainties.

Unit Min. Max.
) Slot opening 0.5 2.5
D§s1gn Tooth tip mm 0.1 0.6
variables
Tooth thickness 0.5 2.6
Eccentricit
Design pérameters angle Y deg. 0 60
with E tricit
uncertainties ~ccentnaty mm 0 0.025
displacement

4.2.2. Kriging Surrogate Model and Determination of the Optimum Design Point

The kriging surrogate model, such as a response surface model and an artificial
neural network, is mainly applied to the optimal design of an electric motor [35]. The
kriging surrogate model is used to anticipate the cogging torque variance within the range
of design variables and parameters with uncertainties. Further, the kriging surrogate
model is generated by applying OLHD and SMDD as DOE [36]. Figure 15 shows sample
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points according to design variables using OHLD and SMDD as DOE. The number of
sample points was determined as 270 through the DOE. Sample points within the range of
the design variable were properly distributed by applying OLHD and SMDD. Figure 16
represents the established part of the kriging surrogate model. From the determined sample
points in Figure 15, the cogging torque was calculated using FEA simulation. Kriging was
used as a method for interpolating data within a surrogate model.

Normalized Tooth thickness

Figure 15. Design of the experiment using a combination of OLHD and SMDD.

Cogging torque

mNm
( )13
Tooth thickness = 2.1 mm 9
5
Tooth thickness = 1.3 mm
06 25 1
0.5 2.0 3
foolz “ o, 5 %@“
% e
v 0.5 o
%y 0.1 o

Figure 16. Kriging surrogate model.

The kriging surrogate model was needed for verification using the leave-one-out cross-
validation method [37]. The normalized root-mean-square error (NRMSE) was defined as:

Y AR I Gt IR
NRMSE = SiZ%(max{Y(x)}_mm{Y(x)}) 100% (10)

where 7, is the number of sample points, and x is the vector of parameters with uncertainties
and design variables. Y(x) is the vector of the response values, which can be the cogging
torque. Y(x;) is the response at the ith point estimated from the FEA simulation. (=) (x;)
is the anticipated response at the ith point estimated from the kriging surrogate model [38].
The NRMSE:s for the cogging torque variance were calculated to be 1.3%. The objective
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function and constraint condition were used to determine the optimum design point from
the kriging surrogate model. They were defined as:
o 2(V,p
minimize F(b) = LZ)
max(o‘f )

subjectto G(b) = po(V,P) < Vg

(11)

where V is the vector of the design variables, P is the vector of the design parameters with
uncertainties, F is the objective function for minimizing the cogging torque variance, G
is the constraint condition, and V. is the DC link voltage. The constraint condition was
considered to not exceed the DC link voltage, as shown in Table 1. The optimum design
point was determined considering the objective function and constraint condition.

As part of the kriging surrogate model, Figure 17 shows the results of the cogging
torque variance according to the slot opening and tooth tip with a tooth thickness of 1.3
mm. The optimum design point was selected as the point with the smallest cogging torque
variance while satisfying the DC voltage limit.

Cogging torque variance
2.5
Optimum design point ! 0.035

)
=)
@

0.025

I 0.015
area

| gooos
Tooth thickness =1.3mm |
0.5

0.1 0.2 0.3 0.4 0.5 0.6
Tooth tip (mm)

=
vl

Voltage limit

Slot opening (mm)
=
)

Figure 17. Cogging torque variance according to the design variables.

4.2.3. Optimum Model

Figure 18 shows the optimum model of the 8-pole 12-slot motor using robust design
optimization. When comparing the base and the optimum model, the stator shape is differ-
ent. Further, the optimum model is simulated by applying the eccentricity displacement,
and angle predicted from the base model in Section 3. The robustness of the back EMF and
cogging torque due to SE is analyzed by comparing it with the results obtained from the
optimum model.

Stator Stator

(b)

Figure 18. Motor shape (a) base model (b) optimum model.
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Figure 19 shows the simulation results of the back EMF for the optimum model.
Figure 20 shows the simulation results of the cogging torque for the optimum model. Even
if SE occurs in the optimum model, a balanced back EMF is generated. The cogging torque
could be confirmed that the 8th harmonic order occurred owing to the SE and the 24th
harmonic order harmonic occurred according to the LCM for the numbers of poles and
slots. Notably, the cogging torque amplitude did not increase significantly. Consequently,
a balanced back EMF and low cogging torque were generated in the optimum model.

= A-phase =—— B-phase C-phase
g_ 50 Healthy Static eccentricity
§ 2.0 \‘\ i \), \‘\ / \), \ / \ /
@) \‘ ! 'I ‘\\ \‘ :' y / ‘\\ \ \
g 0 “\ l'II l.' \‘ ‘\\ II I, \\ / /
L y |V Py
E _2 5 S i ‘\ ,” % 4 ‘\ "’ \ / \ /
-
8
M -5.0

0 180 360 540 720 900 1080 1260 1440
Electrical angle (°)

Figure 19. Simulation result of back EMF for the optimum model considering healthy and static
eccentricity condition.

SRR p— Healthy_ Optimum model ~ 30 Healthy_ Optimum model
§ — Static eccentricty_Optimum modgl § 25 Static eccentricty Optimum model
£ 25 £
® o 20
e VEVVYVVYVVY] 8
> 55 o 1.0
i< k=)
§ §> 0.5
-5.0 0.0 n
0 30 60 90 120 150 180 0 4 8 12 16 20 24 30
Mechanical angle (°) Harmonic order
(@) (b)

Figure 20. Simulation result of cogging torque for the optimum model considering health and static
eccentricity condition (a) waveform (b) harmonic analysis.

5. Design Result and Verification

A motor with stator, rotor and assembly was used to verify the performance of the
optimum model, as shown in Figure 21. The number of stator teeth was 12. The stator
shape was determined by the dimensional information obtained from the optimum design
resulted. The rotor, bearing, and housing were manufactured with the same specifications
as the base model, like manufacturing quality. Therefore, the base and the optimum models
differed only in the stator shape but had the same motor size.
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—| Stator l— { Assembly |-
o ]

Housing

T rew

Figure 21. Stator, rotor and assembly for the optimum model.

Figure 22 shows the results of the back EMF waveform for the base and optimum
models. Figure 23 shows the results of the cogging torque waveform for the base and
optimum models. Figure 24 shows the simulation result of torque ripple for the base and
the optimum model by applying the eccentricity displacement and angle. The optimum
model had better back EMF and cogging torque performance than the base model, reducing
torque ripple.

——— A-phase =—— B-phase =——— C-phase

g 5.0 g 5.0

§ 250 /™ A\ A Wa § 25

S X X =1

g 00 g 0.0

L L

E =25 \/ \/ = 23 NSNS NN
4 X

g 5.0 g 5.0

m 0 120 240 360 480 600 720 m 0 120 240 360 480 600 720

Electrical angle (°) Electrical angle (°)
(a) (b)

Figure 22. The test result of back EMF (a) base model (b) optimum model.

30
= —3B del (8-pole 9-slot)
£ 20 _— O?)i;?l:% emodeFI)O(g-poTeOlZ-sIot)
= 10r Ay A A
AW, VAN (W) VAW
MNP
g v Y
8 20
© 30

0 60 120 180 240 300 360
Mechanical angle (°)

Figure 23. The test result of cogging torque for the base and optimum model.
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0.10
Base model ayerage torque :
52mNm
0.08 -
Optimum model average torque :
— 54mNm
E 006
NN NN
S o004
g Base model torque ripple :
o 0.02129%
Optimum model torque ripple :
5.8%
0.00

120 240 360 480 600 720

Electrical angle (°)
Figure 24. The simulation result of torque ripple for the base and optimum model.

The base and optimum models were compared based on the test results, as shown
in Figure 25. When SE occurred, an unbalanced back EMF was generated in the base
model, whereas a balanced back EMF was generated in the optimum model. Comparing
the difference between the maximum and minimum amplitudes of the phase back EMF on
the test results, the deviation for the base model was 0.27, and that for the optimum model
was 0.04. The cogging torque of the optimum model was reduced by approximately 73.7%
compared to that of the base model.

[ A-phase ] B-phase [_] C-phase
0

15 3
n 0.27 0.04 —~

1.2 25
= v v v Vv |E
x ; £ 20
o 0.9 Max Min. ax Min, | <
K q?; 15 73.7% |
2 06 5
(%2} +—
2 10
g 03 g
E - S 5
o D
zZ o

0.0 O 0

Base model ~ Optimum model Base model ~ Optimum model

(8-Pole 9-Slot) (8-Pole 12-Slot) (8-Pole 9-Slot)  (8-Pole 12-Slot)
(a) (b)

Figure 25. Comparison of test results (a) back EMF (b) cogging torque.

6. Conclusions

In this study, the SE generated in SPMSM was diagnosed and analyzed. Further,
a motor design method using robust design optimization was proposed to improve the
unstable back EMF and cogging torque caused by SE. It was possible to classify the type of
rotor eccentricity by harmonic analysis of the measured back EMF and cogging torque in
the base model of an 8-pole 9-slot motor. The eccentricity displacement and angle were
analyzed and estimated using the 8-pole 9-slot winding arrangement and the deviation
of the back EMF. Subsequently, the stator shape was designed through robust design
optimization. The deviation of the back EMF was reduced by changing the number of slots
in the stator from 9 to 12. Then, the stator shape with the lowest cogging torque variance
was designed. It was confirmed that the optimum model was more robust to the effect of
SE than the base model. Finally, the back EMF and cogging torque test results of the base
and optimum models were compared and verified. As future work, except for the 8-pole
and 9-slot confirmed in this study, there was a need to investigate other combinations of the
number of poles and slots to estimate the eccentricity displacement and angle. It was also
necessary to study whether it was possible to diagnose DE or magnet fault other than SE.
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