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Abstract—To be used as a robotic actuator, a surface-mounted
permanent magnet synchronous motor (SPMSM) requires a low
cogging torque characteristic. The aim of this study is to analyze
and reduce the cogging torque’s variation due to the assembly
imperfection of the segmented stator that is widely used in the
SPMSM. Considering the interconnection of the stator segments,
an equivalent modeling method of the segmented stator with as-
sembly imperfection is introduced. In addition, the variation in the
cogging torque caused by the assembly imperfection is mathemat-
ically evaluated. Then, a robust design process that incorporates a
sensitivity analysis and a robust design optimization is proposed.
By using the proposed design, a robust optimum design model was
built and its validity was verified through Monte Carlo simulation
and tests.

Index Terms—Assembly imperfection, manufacturing tolerance,
robotic actuator, robust design optimization, segmented stator,
sensitivity analysis.

I. INTRODUCTION

NDUSTRIAL robots involve complex operating condi-
Itions at various loads. Thus, small, lightweight, and low-
friction robotic actuators are required for precise and fast
motion control under repeated acceleration and deceleration
[1]. Hence, surface-mounted permanent-magnet synchronous
motors (SPMSMs) are widely used as robotic actuators [2],
Moreover, a segmented stator is employed in the SPMSMs for
robotic actuators, yielding high-productivity, and high-fill factor
of windings [3].

However, SPMSMs with the segmented stator exhibit prob-
lems with respect to cogging torque, which is produced by the
interaction between the magneto-motive force harmonics of the
permanent-magnet (PM) and the air-gap permeance harmonics.
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The cogging torque causes torque ripples, vibration, and noise
[4]. In industrial robot applications, the cogging torque of the
robot actuators can create many problems. According to [5], the
haptic perception of a robot is easily affected by the cogging
torque, especially at low torques. In [6], it is mentioned that
vibration can be generated in a robot while accelerating, if the
cogging torque exists. According to [7], the cogging torque dete-
riorates the back-drivability related to motion control of a robot.

To reduce cogging torque, many studies focused on devising
a design method. This is because cogging torque is significantly
affected by the shape of the motor [4]. In general, at the stator
side, the slot-opening width and tooth tip are optimized for
reducing cogging torque [8]. Furthermore, skewing and teeth
notching are applied to reduce the cogging torque. At the rotor
side, in addition to pole-angle and PM-shaping optimization,
skewing and notching poles are used [9]. However, even with the
use of such methods in the motor-design stage, a high cogging
torque could be generated in mass-produced SPMSMs [10]. This
is because of the difficulty in preventing unwanted tolerances
while mass producing SPMSMs and the sensitivity of cogging
torque to such tolerances.

Many researchers have studied the effects of manufacturing
tolerances on the cogging torque of PM motors. In [11] and
[12], the causes of the occurrence of additional harmonic com-
ponents (AHCs) of the cogging torque were investigated. Stator
tolerances are known to produce AHCs whose frequencies are
multiples of pole number, while rotor tolerances produce the
AHCs whose frequencies are multiples of the number of slots.

Among the many causes of tolerance generation, this paper
focused on the assembly imperfection of the segmented stator.
This is because various stator tolerances are produced during the
assembly of the segmented stator. According to [13]-[16], the
additional stator-gaps between the stator segments are known
to produce AHCs in the cogging torque. Other researchers
investigated the effect of tooth-bulges occurring during the
assembly of the stator segments, assuming that a tooth-bulge
of one segment did not affect tooth-bulges of adjacent segments
[17], [18]. However, considering the practical assembly process
of the segmented stator, a tooth-bulge in one segment may affect
tooth-bulges in adjacent segments. This is because the segments
are interconnected

Considering the interconnection between the segments,
an equivalent modeling method for the segmented stator is

0885-8969 © 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: Hanyang University. Downloaded on December 01,2020 at 03:21:48 UTC from IEEE Xplore. Restrictions apply.


https://orcid.org/0000-0003-3542-9002
https://orcid.org/0000-0002-0101-248X
https://orcid.org/0000-0003-0675-5829
https://orcid.org/0000-0002-3876-1134
https://orcid.org/0000-0002-5339-2728
mailto:sgar1109@hanyang.ac.kr
mailto:kyeol8805@gmail.com
mailto:skensk1990@hanyang.ac.k
mailto:thlee@hanyang.ac.kr
mailto:myungseop@hanyang.ac.kr
mailto:minro@kiro.re.kr
https://ieeexplore.ieee.org

LEE et al.: ROBUST DESIGN OPTIMIZATION OF SPMSM FOR ROBOTIC ACTUATOR CONSIDERING ASSEMBLY IMPERFECTION

Elliptical modeling
for interconnected segmented stator

Approximated variance
for variation of cogging torque amplitude

2 v
( Sensitivity analysis ) @obust design o timizati@

P—
Design of experiment
(Inner & outer array)

Design of experiment
(Latin Hypercube Design)

LrEa

1FEA

| Approximated variance | | Kriging surrogate modeling

I Il

Minimization of objective function
within constraint

| Analysis of variance |

a: significant level l

Robust optimum design

C m D

Significant variables

Framework of this study.

Fig. 1.

proposed in this paper. In addition, we investigated the effects
of the stator assembly imperfection on the cogging torque, and
devised a robust motor design to reduce these effects.

The contributions of this study to the literature are as follows:

1) elliptical modeling for segmented stator,

2) approximated variance cogging torque variation,

3) sensitivity analysis of cogging torque variation,

4) robust design optimization (RDO),

5) verification using Monte Carlo simulation (MCS) and

comparison with test results.

First, the elliptical modeling for the segmented stator is pro-
posed. Through this modeling, various stator tolerances are well
reflected in a model, considering the interconnection between
the stator segments. In addition, design parameters with un-
certainties are defined, which are related to shape of trajectory
consisting of the stator’s inner radii.

Second, the variation in the amplitude of the cogging torque
due to the imperfection in the stator assembly is mathematically
evaluated by defining the approximated variance.

Third, a sensitivity analysis method for the variation in the
cogging torque amplitude is proposed, and the statistical signif-
icance of design variables is determined for the variation.

Fourth, an RDO is conducted to reduce the effects of the
assembly imperfection of the stator on the cogging torque. Sub-
sequently, a robust optimum design model was determined that
ensures a small cogging torque even if tolerances are produced
in the segmented stator.

Finally, the validity of the robust optimum design model
is confirmed using the MCS [19], [20]. Four prototypes of
the robust optimum design model were fabricated, and their
cogging torque test results were compared with the cogging
torque distribution estimated using the MCS.

Accordingly, this study offers motor designers with an overall
robust design procedure that is necessary for the mass production
of motors such as robotic actuators. Fig. 1 shows the framework
of this study.
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TABLE I
HARMONIC COMPONENTS OF COGGING TORQUE ACCORDING TO CAUSES

Harmonic components
Native Additional
Cause Interaction of Stator Rotor
PM and slot tolerances | tolerances
Fundamental frequency LCM(2p,S) 2p S

II. ASSEMBLY IMPERFECTION OF SEGMENTED STATOR

A 16-pole-18-slot SPMSM conventional model for a robotic
actuator was analyzed. First, a prototype of the conventional
model was fabricated, and its cogging torque was experimen-
tally tested. In addition, finite-element-analysis (FEA) simu-
lation was conducted without considering all manufacturing
tolerances. By comparing the test and simulation results, the
effects of the tolerances on the cogging torque are discussed.
To investigate which tolerance is produced owing to the stator
assembly imperfection, the inner radius in each segment of the
prototype was measured. Then, an equivalent modeling method
for the segmented stator is proposed. Accordingly, the stator
tolerances could be well reflected in the simulation model,
considering the interconnection between the stator segments.

A. Harmonic Components of Cogging Torque

The harmonic components (HCs) of the cogging torque of
a SPMSM are determined according to the number of poles
and slots. The cogging torque of an ideal model, in which
manufacturing tolerances are nonexistent, contains a native HC
(NHC). However, owing to unwanted manufacturing tolerances,
AHCs are produced in the cogging torque. With reference to
[11], the NHC and AHCs of the cogging torque are presented in
Table I, where p is the number of pole pairs and S is the number of
slots. As the conventional model is a 16-pole-18-slot SPMSM,
the NHC of the cogging torque of the conventional model was
predicted to be 144th order. Moreover, AHCs of orders 16th and
18th were predicted to be caused by manufacturing tolerances
in the stator and rotor, respectively.

To analyze the effects of the tolerances on the cogging torque
of the conventional model, the cogging torque of the prototype
was experimentally tested and an FEA simulation was conducted
using a model without all the manufacturing tolerances. The
simulation model is depicted in Fig. 2(a), and Fig. 2(b) shows the
test set-up for the cogging torque of the prototype. A Sugawara
cogging torque meter was used, which includes torque and angle
sensors offering high sensitivity and small resolution. In this
cogging torque meters, a sensor, an encoder, and a drive motor
are axially aligned. The test motor shaft was coupled to the tester
shaft that rotated at lrpm. The cogging torque measurement
accuracy was = ImNm, and the angle measurement accuracy
was £ 1.5° per revolution.

Fig. 2(c) shows the test and simulation results of the cogging
torque waveform. The peak-to-peak value of the cogging torque
obtained through the test was higher than that obtained through
the simulation. As shown in Fig. 2(d), AHCs were produced
owing to the tolerances: the 16th and the 18th order AHCs were
produced by stator and rotor tolerances, respectively. In this

Authorized licensed use limited to: Hanyang University. Downloaded on December 01,2020 at 03:21:48 UTC from IEEE Xplore. Restrictions apply.



2078

Dimension
PM width
PM thickness
Air-gap length
Teeth width
Yoke width

Value (mm)

Ideal model without
manufacturing tolerances

(a) FEA simulation model without manufacturing tolerances.

Prototype of conventional model

(b) Test set-up or the prototype.

== Simulation (Ideal model) —o— Test

40
30| Simulation : peak-to-peak ImNm
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(c) Cogging torque waveform. (Test and simulation results.)
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(by stator tolerances)
24t
16 Test: 18th AHC 4.2mNm

(by rotor tolerances)
| v

O e
12 14 16 18 142 144 146 148 150
Harmonic order
(d) Harmonic components of cogging torque. (Test and simulation results.)

Amplitude of cogging torque (mNm)

Fig. 2. FEA simulation neglecting manufacturing tolerances and cogging
torque test for the prototype of the conventional model.

study, the focus is on the 16th AHC that is the largest among all
the AHCs of the cogging torque.

B. Manufacturing Tolerances Due to Assembly Imperfection
of Segmented Stator Considering An Interconnected Structure

As the stator segments are interconnected, radial distances of
tooth-bulges may differ by each segment when the segments are
imperfectly assembled. Consequently, various stator tolerances
are produced while assembling the stator segments. As shown in
Figs. 3(a) and (b), tolerances caused by the imperfection in the
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stator assembly were investigated by measuring the inner radii
of each segment in the prototype of the conventional model.
The inner radii of each segment were measured at the center
of each segment. Fig. 3(a) shows the measurement set-up and
raw data of the measured inner radii of the segments. The
Renishaw coordinate measuring machine (CMM) was used as
the measurement device. The repeatability of position was less
than 0.4,:m, and the accuracies of step spacing with respect to the
theoretical positions were assured within & 0.24mm. Assuming
that the vertical angle error was nonexistent, the inner radii were
measured at the constant z-axial position of each segment. As
depicted in Fig. 3(b). three stator tolerances were identified:
unequal stator-gaps, uneven air-gap, and unequal slot-opening
width. These different types of tolerances occurred owing to the
radial distances of the tooth-bulges different by the segments.

The cogging torque was then calculated through FEA simula-
tion applying these tooth-bulges to the simulation model. Fig. 4
shows the comparison between the simulation and test results.
Similar to the test result, a 16th order AHC was generated in
the simulation result. Thus, the simulation result of the cogging
torque waveform was similar to the test result.
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— Simulation (Applying measured inner radii)
== Test

Cogging torque (mNm)
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(a) Cogging torque waveforms. (Test and simulation results.)
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(b) Harmonic components of cogging torque. (Test and simulation results.)

Fig. 4. Cogging torque of the conventional model: test and FEA simulation
applying measured inner radii.

C. Proposed Elliptical Modeling for the Segmented Stator

Although the accuracy of predicting the cogging torque wave-
form by using the FEA simulation with the tooth-bulges was high
enough, considerable amounts of time and effort are required to
apply the various radial distances of the tooth-bulges to the sim-
ulation model. This section presents an elliptical modeling for
the segmented stator, where the shape of the trajectory consisting
of the stator’s inner radii is affected by the imperfections in the
stator assembly. Thus, two design parameters with uncertainties
are defined: the semi-minor axis length, and the out of roundness
which is the difference between the lengths of the semi-major
and semi-minor axes.

Fig. 5(a) shows the segmented stator of the simulation model
for the conventional model using the proposed elliptical mod-
eling. The sizes for the ellipse formed by the trajectory of the
stator’s inner radii were decided according to the measurement
results of the stator’s inner radii; the semi-minor axis length was
the same as the shortest radius, and the out of roundness was the
same as the difference between the longest and shortest radii.
Thus, the lengths of the semi-major and semi-minor axes of the
stator’s inner radii trajectory were the same as 29.101mm and
29.003mm, respectively.

Depending on the modeling methods, the cogging torque
waveforms using FEA simulations are presented in Fig. 5(b).
Although these waveforms are similar to each other, the pro-
posed method enables much simpler modeling of the segmented
stator while considering the interconnected structure.

2079

= « =: Measured stator’s inner radii
m: Elliptical stator’s inner radii (proposed)

\ ’:\\, axis length X
£ 9.003mm) |

Seml -major axis length (29 101mm)
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(b) Cogging torque waveform. (Simulation results.)

Fig. 5.
stator.

FEA simulations depending on modeling methods of the segmented

III. CALCULATION OF COGGING TORQUE VARIATION CAUSED
BY ASSEMBLY IMPERFECTION OF SEGMENTED STATOR

Owing to the stator assembly imperfection, various stator
tolerances occur and the amplitude of the cogging torque varies.
Statistically, this variation in the amplitude can be defined as the
variance in the probability distribution of the cogging torque’s
amplitude. To estimate the variance in the probability distribu-
tion of the cogging torque’s amplitude, several simulations or
tests are typically required. However, conducting many simula-
tions or tests entails high costs for computation, production, and
measurement.

In this section, the approximated variance is defined based
on Taylor expansion as in [21]. As assumptions, the elliptical
modeling presented in Section II was applied to the segmented
stator, and probabilities of the design parameters related to the
stator’s inner radii trajectory were assumed to form Gaussian
distributions. At the nominal design point where the two design
parameters with uncertainties are mean values, a function of the
amplitude of the cogging torque was approximated according to
an infinite sum of the function’s derivatives:

pt /’L:Epi) +

Ryt Z
(1

where 1z, is the length of the semi-minor axis of the stator’s
inner radii trajectory and x,> denotes the out of roundness of
the stator’s inner radii trajectory. When assuming the probability
distributions of ;1 and x,2 as Gaussian distributions, i, ,
andji,,, denote the mean values of 1 and 2, respectively.
In (1), f is the approximated function of the cogging torque’s

ﬂ:cpl ) ,U:rpz) (:L‘

f($1$2
L Oz
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amplitude and py is the mean value of f, which is calculated
through a simulation where values of x,,; and x> are the mean
values.

Then, the variance of the amplitude of the cogging torque is
formulated as:

2
8f (,prl;,uwpz) 2

2 ~
of (Tp1, Tp2) & T "0,
2
L Or (e pa) | s )
8$p2 Tp2

where o2 denotes the approximated variance of the cogging
torque amplitude. aﬁpl and a,ﬁpz are the variances of the Gaus-
sian distributions of the semi-minor axis length and the out
of roundness, respectively. In this study, we assumed that the
manufacturing qualities of x,; and z,2 are managed based on
the six-sigma process. The partial derivatives in (2) are solved
using the finite difference method, as follows:

af (,uxm ) ,LL:sz) ~ f ((Mwm + h’l) a,u-’L’pz) - f (M-’L’pu,uwpz)

8.%‘1,1 - hl
3)
af (pr17ﬂz,)2) ~ f (Mxpla (Mmpg + h2)) B f (,U/zpuﬂa:,ﬂ)
3a:p2 hg
“)

where /; and hy are increment values for x,,1 and x5, respec-
tively. The first term of the numerator on the right-hand side
of (3) represents the value of the cogging torque amplitude
calculated through a simulation, where the value of x,; has
been incremented by /; from the mean value. Similarly, the first
term of the numerator on the right-hand side of (4) represents
the value of the cogging torque amplitude calculated through
a simulation, where the value of x,, has been incremented by
ho from the mean value. The second term of the numerator on
the right-hand side of both (3) and (4) represents the value of
the cogging torque amplitude calculated in a simulation, where
both x,,; and x,, are the mean values. To improve accuracy in
the calculation of the derivatives, the values of 41 and &5 must
be sufficiently small.

In this study, the variance calculated based on the Taylor
expansion in (2) was termed as the approximated variance,
which enables the quantitative evaluation of the cogging torque’s
variation due to the assembly imperfection of stator segments.
The validity of the approximated variance was confirmed using
MCS with more than 10° simulations to estimate the probability
distribution of the cogging torque’s amplitude. To efficiently
conduct the several simulations, a kriging surrogate model of
the cogging torque amplitude was built and used. Table II
presents the approximated variance and the MCS variance of
the conventional model. Compared with the MCS variance, the
approximated variance has a reasonably small error of 1.5%.
Therefore, the approximated variance was used in this study to
investigate the sensitivity of the cogging torque variation and
minimize the variation.

IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 35, NO. 4, DECEMBER 2020

TABLE II
VERIFICATION OF APPROXIMATED VARIANCE USING
MONTE CARLO SIMULATION

Conventional model Value Error
Variance of peak-to- Approximated 276.2 1.5%
k value of i
peat Olfc?ul-;e(?mj;gz})glng Monte Carlo simulation 272.2 -

(Candidates for design variables
without uncertainties

Design parameters
with uncertainties

X, : Shoe width (mm) X, : semi-minor axis length (mm)
X, : Tooth tip (mm) X, : out of roundness (mm)

X3 : PM thickness (mm)

X4 : Pole angle (°)

X5 : PM eccentricity (mm)

Fig. 6. Design parameters and candidates for design variables.

IV. SENSITIVITY ANALYSIS

This section presents a sensitivity analysis method for the
variation in the amplitude of the cogging torque due to the
assembly imperfection of the stator segments. The elliptical
modeling in Section II was applied to the simulation model,
and the approximated variance in Section III was employed for
evaluating the variation in the amplitude of the cogging torque’s
HCs. Through the sensitivity analysis, the statistical significance
of the candidates for design variables was identified.

A. Design of Experiment

In Fig. 6, five candidates for the design variables are depicted:
shoe width x.1, tooth tip z.o, PM thickness x.3, Pole angle
Z 4, and PM eccentricity x.5. The two design parameters with
uncertainties relative to the stator’s inner radii trajectory are also
described: semi-minor axis length x,,1, and out of roundness 2.

Table IIT presents a design of experiment (DOE) table with
inner and outer arrays proposed in this paper. The values from 0
to 2 indicate the levels of each design candidate and parameter.
The values for the design candidates and parameters depending
on their levels are presented in Table IV. The levels of the design
candidates were determined according to their lower and upper
boundaries. Moreover, the levels of the design parameters with
uncertainties were determined to calculate the approximated
variance. Thus, the differences between levels 0 and 1 of each
design parameter are the same as the values of /41 and A5 in (3)
and (4). In this study, the increments were set to 0.0001mm to
ensure the high accuracy of derivatives calculations. In the inner
array, the five candidates for design variables were placed based
on the orthogonal array method [22]. The design parameters
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TABLE III
PROPOSED DESIGN OF EXPERIMENT TABLE

Outer array for design
Inner array for candidates parameters with uncertainties
DOE S -
K of design variables (stator tolerances)
pomt First Second Third
Xel Xc2 Xc3 X4 Xes Xpl  Xp2 | Xp1 Xp2 | Xp1 Xp2
1 0 0 0 0 0 0 0 1 0 0 1
2 1 1 1 1 1 0 0 1 0 0 1
3 2 2 2 2 2 0 0 1 0 0 1
4 0 0 1 2 1 0 0 1 0 0 1
5 1 1 2 0 2 0 0 1 0 0 1
6 2 2 0 1 0 0 0 1 0 0 1
7 0 1 0 2 2 0 0 1 0 0 1
8 1 2 1 0 0 0 0 1 0 0 1
9 2 0 2 1 1 0 0 1 0 0 1
10 0 2 2 0 1 0 0 1 0 0 1
11 1 0 0 1 2 0 0 1 0 0 1
12 2 1 1 2 0 0 0 1 0 0 1
13 0 1 2 1 0 0 0 1 0 0 1
14 1 2 0 2 1 0 0 1 0 0 1
15 2 0 1 0 2 0 0 1 0 0 1
16 0 2 1 1 2 0 0 1 0 0 1
17 1 0 2 2 0 0 0 1 0 0 1
18 2 1 0 0 1 0 0 1 0 0 1
TABLE IV
VALUES OF CANDIDATES AND DESIGN PARAMETERS
. Level
Contents Unit 0 1 3
Shoe width x,, (mm) 8.7 9.2 9.7
Candidates Tooth tip x.» (mm) 0.50 1.25 2.00
for design PM thickness x5 (mm) 2.0 3.0 4.0
variables Pole angle x.4 ©) 19.10 | 2025 | 21.4
PM eccentricity X.s (mm) 0.0 9.4 18.8
. Level
Unit 0 i
Design Semi-minor axis
parameters length of stator’s (mm) 29.1750 29.1751
with inner trajectory x,,
uncertainties | Qut of roundness
(stator of stator’s inner (mm) 0.0750 0.0751
tolerances) trajectory x,»

with uncertainties were located in the outer array to calculate
the approximated variance at each DOE point. In the outer
array, three rows are required for the design parameters with
uncertainties. The first row indicates that design parameters ;1
and x5 are the mean values. The second row indicates that ;¢
is incremented as much as /; from its mean value, while x,
remains the mean value. In the third row, 2,2 is incremented as
much as s> while x,,; remains the mean value.

At each DOE point, FEA models were constructed and the
amplitudes of the cogging torque’s HCs were computed. For
the mean value of the cogging torque amplitude, the inner array
and the first row of the outer array were used. By using (2)-
(4), the approximated variance was calculated by employing the
inner array and the three rows of the outer array. The mean and
approximated variance values of the amplitudes of the 16th order
AHC and 144th NHC are presented in Table V.

B. Analysis of Variance

For the 16th order AHC and 144th order NHC of the cogging
torque, analysis of variance (ANOVA) was used to investigate
the effects of the design candidates. Fig. 7 displays the p-values
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TABLE V
SIMULATION RESULTS IN DESIGN OF EXPERIMENT TABLE

Amplitude of 16" order Amplitude of 144" order
DOE | additional harmonic component native harmonic component
point Mean Approximated Mean Approximated
(mNm) variance (mNm?) (mNm) | variance (mNm?)

1 0.2 0.02 5.0 0.3

2 8.9 8.7 2.7 0.1

3 32.7 121.6 0.1 0.0004

4 1.0 0.1 0.08 0.004

5 4.5 1.8 5.4 0.6

6 3.5 63.9 3.1 0.1

7 12.6 18.7 0.05 0.04

8 25.5 71.7 9.3 1.1

9 0.7 0.1 1.6 0.009

10 22.6 53.9 7.5 0.4

11 0.5 0.04 1.1 0.04

12 13.2 23.5 0.1 0.01

13 12.2 16.4 2.1 0.1

14 30.2 107.5 0.3 0.01

15 2.4 1.0 4.9 0.4

16 23.7 61.6 1.0 0.04

17 1.2 0.2 0.09 0.001

18 5.6 4.1 7.5 0.9

16 Significant level

0.5
0.20F

0.15¢
0.10
0.05
0.00|

Probability-value for 16th order AHC

Candidates for design variables
(a) 16" order additional harmonic component of cogging torque.

Z
.
g

s Significant level

T

0.5
0.20

0.15¢
0.10
0.05
0.00%

Probability-value for 144th order AHC

Candidates for design variables
order native harmonic component of cogging torque.

3

(b) 144"

Fig. 7. Sensitivity analysis results.

of the candidates for the design. Based on the p-values, the
statistical significance of the design variables was determined.
A design variable is termed ‘significant’ if its p-value is less
than a pre-specified threshold, known as the significant level. In
this study, the significant level is 0.05 [22]. Consequently, the
shoe width is significant to the mean and approximated variance
values of the amplitude of the 16th order AHC. For the mean
and approximated variance values of the amplitude of the 144th
NHC, the PM eccentricity is significant. Therefore, the shoe
width and PM eccentricity are selected as the significant design
variables for the RDO.

Authorized licensed use limited to: Hanyang University. Downloaded on December 01,2020 at 03:21:48 UTC from IEEE Xplore. Restrictions apply.



2082

TABLE VI
DESIGN REQUIREMENTS

Contents Unit Value
Rated Output power W) 452
operating point Speed (rpm) 2000
Electrical DC link voltage % 48
requirements
Cogging torque’s Mean (mNm) <910
amplitude Approximated variance (mNm?) <2762

V. ROBUST DESIGN OPTIMIZATION

When manufacturing the segmented stator, avoiding the sta-
tor tolerances is difficult. These tolerances may cause a high
cogging torque in the SPMSM for robotic actuator, and motion
control of the robot may deteriorate. Thus, an RDO is widely
used in motor designing [23]-[25]. In this study, the RDO was
conducted to determine the robust optimum design model that
ensures a small cogging torque even if tolerances are produced
in the segmented stator. The proposed modeling method for
the segmented stator described in Section II was applied, and
the approximated variance defined in Section III was employed
to evaluate the cogging torque variation. In this section, an
appropriate objective function and constraint are first defined,
considering the cogging torque and the electrical requirements
for the inverter. Then, the construction of kriging surrogate
models by employing the FEA simulations is described. The
responses needed for the objective function and constraint were
predicted using the kriging surrogate models. Finally, the robust
optimum design model was determined.

A. Design Requirements and General Formulation of RDO

The design specifications of the SPMSM for the robotic actu-
ator are presented in Table VI. Regardless of whether the stator
tolerances are produced, the amplitude of the cogging torque
must be small. Thus, the values of the mean and approximated
variance of the cogging torque amplitude were included in the
objective function. In addition, the maximum DC link voltage
was considered as a constraint. The general formulation of the
RDO in this study is presented as:

Uf2 (b, P)
max (o5?)

py (b, P)
5

max (4 )
subject to G (b) = p, (b,P) <48, 0<b <1 %)

minimize F (b) = wy -
beR™

where b denotes the vector of the normalized design variables. P
is the vector of the normalized design parameters with uncertain-
ties. F is the objective function of simultaneously minimizing
the approximated variance and the mean values of the cogging
torque amplitude. o7 ? and y is the approximated variance and
the mean values of the cogging torque amplitude, respectively.
Both o7 % and ¢ are normalized by dividing them with their
respective maximum values. In addition, wy and wo are their
corresponding weighting factors. G is the constraint that the
input voltage must be less than the maximum DC link voltage
of 48V.
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TABLE VII
BOUNDARIES OF DESIGN VARIABLES AND DESIGN PARAMETERS
Contents Unit min. Max.
Design Shoe width (mm) 8.7 9.7
variables PM eccentricity (mm) 0.0 18.8
Design Seml-mlpor axis 'length (mm) 0.00 015
parameters of stator inner trajectory
wlth ) Out of roundr{ess of (mm) 0.00 015
uncertainties stator inner trajectory

B. Kriging Surrogate Model

Kriging is an interpolation model using spatial correlation
data. Owing to its accuracy for nonlinear functions and high
prediction capability, the kriging surrogate model is widely used
for design optimization of electric machines [26], [27]. The two
significant design variables determined in Section IV and the
two design parameters with uncertainties related to the elliptical
modeling in Section IT were used. Their boundaries are presented
in Table VII. To predict the responses in (5), kriging surrogate
models were built for the cogging torque amplitude and the input
voltage. By using the kriging surrogate model of the cogging
torque amplitude, the approximated variance was calculated
based on (2)-(4). Then, the mean value of the cogging torque
amplitude was predicted when the design parameters are the
mean values.

As a sampling strategy for the kriging surrogate models,
Latin hypercube design (LHD) was employed. The objective
of the LHD is to obtain sample points exhibiting non-collapsing
properties in the entire design domain [28]. In this study, 70
sample points using the LHD were selected. Following each of
the LHD points, FEA models were constructed, and the voltages
and cogging torques were computed. Then, the kriging surrogate
models were constructed. A Gaussian correlation function was
adopted and its parameters were determined based on the max-
imum likelihood estimate [29].

As the kriging surrogate models are interpolation models,
the responses calculated from such models can differ from the
FEA simulation results. Thus, the accuracies of the constructed
kriging surrogate models must be evaluated. In this study,
the evaluation was based on the leave-one-out cross-validation
method [30]. The normalized root mean square error (NRMSE)
of a kriging surrogate model is defined as:

NRMSE

Loy
| ng i=1

Y (o) - VED (@) )

max{Y (x)} —min{Y (x)} | 100%

(6)

where x denotes the vector of inputs, which are design variables
and parameters. Y(x) denotes the vector of a response’s values,
which can be cogging torque amplitude or voltage. ng denotes
the number of sample points. z; denotes the input value at ith
sample point, and Y (x;) denotes the response at ith sample point
calculated from the FEA simulation. Y (-9 (x;) represents the
predicted response at the ith sample point from the kriging sur-
rogate model which was constructed using sample points except
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C-2: Voltage limit
A\ : Conventional point

@ : Robust optimum point Objective function
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Fig. 8.  Objective function with respect to the design variables.
TABLE VIII
DESIGN RESULTS USING KRIGING SURROGATE MODEL
Contents Unit Conventional Robqst optimum
model design model
Design lS)}I:/(l)e width (mm) 8.7 9.6
variables L (mm) 18.8 10.0
eccentricity
Cogging | Mean (mNm) 91.0 67.4
torque’s [ Approximated )
amplitude | vartanee (mNm?) | 2762 1108

(4, Y(x;)). The NRMSEs of the kriging surrogate model for
the cogging torque amplitude and voltage were calculated as
7.3%, and 5.0%, respectively, which are considered sufficiently
accurate.

C. Robust Design Optimization

Fig. 8 shows the objective function depending on the two
design variables: the shoe width and the PM eccentricity. The
black dashed line represents the voltage limit. The robust op-
timum point was selected where the value of the objective
function was minimal within the constrained condition. The
existing sequential quadratic programming was employed as
the optimization method; it is one of the methods that have
been successfully developed and used for solving nonlinear
constrained optimization problems [31], [32]. The responses for
the objective function and the constraint were predicted through
the kriging surrogate models, and the cogging torque variation
was evaluated with the approximated variance. Thus, only few
seconds are required to conduct the RDO.

VI. DESIGN RESULTS AND VERIFICATION

The design results for the robust optimum design model are
presented in Table VIII. Compared with the conventional model,
the mean and approximated variance values of the cogging
torque amplitude are reduced simultaneously in the robust opti-
mum design model; by 25.9% and 59.9%, respectively.

To demonstrate the validity of the RDO results within the
same range of the design parameters with uncertainties as those
in the conventional model, MCS involving 10° simulations was
conducted by using the kriging surrogate model. Fig. 9 shows
the MCS results of the conventional and robust optimum design

2083
Conventional [ Robust optimum design
Mean : 67.6(mNm)
Variance : 109.3(mNm?)
g’ Mean : 91.2(mNm)
_@ Variance : 271.6(mNm?)
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Fig. 9. Cogging torque distribution based on Monte Carlo simulation.
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(b) Cogging torque waveforms of the four prototypes. (Test results.)
Fig. 10.  Cogging torque test for the robust optimum design model.

models. Similar to the approximated variances, the MCS vari-
ance of the robust optimum design model decreased by 59.8%
than that of the conventional model. In addition, the lower and
upper boundaries of the peak-to-peak values of the cogging
torque of the robust optimum design model were approximately
estimated; the values of the lower and upper boundaries were
estimated as 23mNm and 119mNm, respectively.

For testing the cogging torque test in the robust design op-
timum model, four prototypes were fabricated, as shown in
Fig. 10(a). In all the prototypes, the stator’s inner radii were
assumed to be within the considered size range, which was
sufficiently wide. Fig. 10(b) shows the test results of the cogging
torque of the four prototypes for the robust optimum design
model. The peak-to-peak values of cogging torque in the four
prototypes were within the ranges estimated by the MCS.

These test results were then compared with the cogging torque
test result of the conventional model. Figs. 11(a) and (b) show
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Fig. 11.  Comparison between the conventional model and the robust design
optimum model. (Test results.).

HCs the peak-to-peak values of the tested cogging torque. As the
RDO was conducted to reduce the effects of the stator assem-
bly imperfection, the 16th order AHC in the robust optimum
design model was less than that in the conventional model.
Accordingly, the peak-to-peak values of the cogging torque of
the robust optimum design model were reduced compared with
that in the conventional model. For the robust optimum design
model, the average peak-to-peak value of the four prototypes was
29.9mNm, which shows a decrease of up to 44% compared with
the conventional model. Therefore, the validity of the robust
optimum design model was verified using the MCS and the
cogging torque tests.

VII. CONCLUSION

In this study, we analyzed the effect of the assembly imper-
fection of stator segments on the cogging torque variation and
proposed a robust design with respect to the cogging torque
of the SPMSM as a robotic actuator. An elliptical modeling
for the segmented stator was proposed, considering the inter-
connected structure of the stator segments. Then, the variation
in the cogging torque amplitude owing to the stator assembly
imperfection was formulated as the approximated variance. By
proposing a sensitivity analysis method, the design variables
that significantly affected the cogging torque variation were
statistically identified. To reduce this variation, sensitivity-based
design optimization employing kriging surrogate models were
conducted. As a result, the robust optimum design model was
determined. To verify the validity of this model, MCS was
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conducted and the probability distributions of the cogging torque
amplitude were estimated. Compared with the conventional
model, the mean and the variance values of the probability
distribution of the cogging torque amplitude in the robust design
optimum model were reduced. Four prototypes were fabricated
for the robust optimum design model, and comparisons were
conducted with the cogging torque range estimated using the
MCS. The cogging torque test results of the four prototypes were
within the estimated range. Thus, by using the proposed methods
and procedures in this study, the developed robust design is
feasible and is less affected by the manufacturing tolerances
that occur during mass production of motors.
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