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Multi-Objective Robust Optimization for a Dual-Flux-Modulator
Coaxial Magnetic Gear

Xiao Liu®!, Yunyun Zhao!, Zhe Chen?, Derong Luo!, and Shoudao Huang™!
ICollege of Electrical and Information Engineering, Hunan University, Changsha 410082, China
2Department of Energy Technology, Aalborg University, 9220 Aalborg East, Denmark

The conventional multi-objective deterministic optimization (MODO) design may be less meaningful or even unacceptable
when considering the perturbations of design parameters and reliability of the optimization results. In order to overcome the
above-mentioned drawback and improve both the torque capability and permanent magnet (PM) utilization efficiency of dual-
flux-modulator coaxial magnetic gear (DFM-CMG) simultaneously, a robust optimization design method is presented. In this
method, the sigma criteria with the Monte Carlo simulation (MCS) are adopted to obtain the statistic samples addressing the
effects of parametric uncertainties of DFM-CMG on the optimization results. Both 2-D and 3-D finite-element (FE) models of a
DFM-CMG are first established, and the 3-D FE model is proven more accurate by the experiment and used for further optimization.
Through the parametric study, five parameters are selected as the key design variables to establish the quadratic polynomial regression
metamodels. Finally, the multi-objective particle swarm optimization algorithm with MCS is employed to conduct the multi-objective
robust optimization (MORO) for DFM-CMG. Although the stall torque per PM consumption achieved by MORO with six sigma (60)
is little lower than that achieved by MODO, it still has a 21.4% growth than that of the initial design under the same constraint
of the stall torque. Furthermore, the reliability and stability of the MORO results are much higher than those of the MODO
results. The MORO method is significantly effective as the torque performance and robustness of DFM-CMG could be improved
simultaneously.

Index Terms— Dual-flux-modulator coaxial magnetic gear (DFM-CMG), finite-element method (FEM), multi-objective robust
optimization (MORO), reliability and stability, torque performance.

I. INTRODUCTION has been applied to the conventional CMG to improve
the torque capability [7]. Unfortunately, the deterministic
optimization method may become less meaningful when con-
sidering the possible variation and uncertainty of design vari-
ables caused by manufacturing and assembling [8]. Moreover,
the existence of fluctuation in design variables or operation
conditions has a great influence on the CMG torque perfor-
mance [9]. Therefore, the uncertainty of the design parameters
must be considered for a robust optimal design.

Most existing robust designs for electromagnetic devices
with  PM only deal with the single objective opti-
mization [10], [11]. However, with emphasis on the cost,
the comparative result between CMGs with non-rare-earth
and rare-earth PMs shows that the stall torque (ST) conflicts
with the PM material consumption each other [12]. There-
fore, it is very essential to maximize the torque performance
including both the ST and ST per PM consumption (STPPC)
and improve the robustness of DFM-CMG considering the
uncertainties of design parameters simultaneously. To our
knowledge, there is little attention to study the robust optimal
design of CMG. Resultantly, studies on the multi-objective
robust optimization (MORO) for DFM-CMG are becoming
increasingly important.

A MORO method with different sigma criteria to address the
effects of design parametric uncertainties on the optimization
design for DFM-CMG is presented in this paper. This paper

Manuscript received November 5, 2018; revised November 30, 2018; is organized as follows. The numerical model of DFM-CMG
accepted December 10, 2018. Corresponding author: X. Liu (e-mail: is established by using both 2-D and 3-D FEM and validated

OAXIAL magnetic gears (CMGs) have drawn increasing

attention because they could realize noncontact torque
and speed transmission by the interaction of the modulated
magnetic fields in the air gaps [1], [2]. These CMGs take
the advantages of low friction loss, minimum acoustic noise,
and no maintenance. A dual-flux-modulator coaxial magnetic
gear (DFM-CMG), characterized a higher torque capability
and higher permanent magnet (PM) utilization efficiency
comparing to other CMGs, was proposed in [3]. Although
the steady-state performance of DFM-CMG has been stud-
ied, the optimal design of DFM-CMG needs to be further
investigated.

Deterministic optimization has been successfully applied for
the designs of CMG to improve the torque capability. The
multiple linear regression analysis based on the non-linear
2-D finite-element method (FEM) was used to improve the
low torque density of a hybrid magnetic torque converter-
based conventional CMG by optimizing the rotor shape [4].
The FEM-genetic algorithm-coupled method was applied to
optimize the dimensions of a CMG PM machine with the aim
of improving the torque performance [5]. The single objective
deterministic optimal design method for a dual-mechanical
port machine with the flux modulation effect was presented
in [6]. The multi-objective deterministic optimization (MODO)

xiaoliu@hnu.edu.cn). ) o ) by the experiment in Section II. Section III is devoted to the
Color versions of one or more of the figures in this paper are available . . o

online at hitp://iccexplore.icee.org. effect of the dimensional parameters of PMs and auxiliary
Digital Object Identifier 10.1109/TMAG.2018.2887273 flux modulator (AFM) on ST and STPPC, where the coupling
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Fig. 1. Topology of DFM-CMG. (a) 3-D exploded view. (b) Front view.

TABLE I
KEY PARAMETERS OF DFM-CMG

Parameter Value(Unit)
PM thickness of IR (#r) 6 mm
pole-arc coefficient of IR (a,) 1
PM width of OR (wogr) 5 mm
PM length of OR (lor) 15 mm
teeth length of AFM (/1) 21 mm
yoke length of AFM (ly) 12 mm
pole-piece angle of AFM (6r) 5 deg
pole-piece angle of MFM (6y) 6 deg
air-gap length 1 mm
stack length 60 mm

between the main designparameters of PMs and AFM would
be taken into account. Then, the multi-objective particle swarm
optimization (MOPSO) algorithm is applied to optimize DFM-
CMG using the MORO method based upon the metamodels
for improving the torque performance and robustness simul-
taneously in Section IV. Finally, these conclusions are drawn
in Section V.

II. NUMERICAL MODELING OF THE DFM-CMG
A. Finite-Element Modeling

Fig. 1 shows the topology of the studied DFM-CMG.
DEM-CMG consists of inner rotor (IR), outer rotor (OR),
main flux modulator (MFM), and AFM. The surface-mounted
PMs are adopted for IR while spoke-type PMs are employed
for OR. The pole pairs of IR and OR are designed as 4 and
26 to form a symmetrical structure helping to eliminate the
unbalanced radial magnetic force. IR works as the low-torque
input port, and OR is the high-torque output rotor with a gear
ratio of 6.5. Like the conventional CMG, stationary MFM is
located between IR and OR. The number of pole pieces on
MFM is 30, which is the sum of the pole pairs of IR and OR.
Specially, a stationary AFM is introduced as the outermost
layer to suppress the flux leakages on OR and improve the
torque capability. In order to realize the magnetic-gearing
effect, the number of pole pieces on AFM has to be equal to
the number of pole pieces on MFM. The axis angle between
pole piece on AFM and neighboring pole piece on MFM 6 is
a half of pole-piece pitch angle of MFM 6, as shown in Fig. 1.
The key design parameters are listed in Table I, and the main
geometric parameters of DFM-CMG are shown in Fig. 2.

The FE model of DFM-CMG is developed for calculat-
ing the static ST and STPPC on the two rotors by using
the 2-D and 3-D Maxwell software. The PM material is
NFeB35 with the remanence of 1.23 T, and the density of
PMs is 7600 kg/m>. The yoke of IR and AFM are made of
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Fig. 2. Main geometric parameters of DFM-CMG.
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Fig. 3. Test rig for the torque capability of DFM-CMG (top view).

laminated steel sheets DW315_50. Instead of laminated by
steel sheets, the pole shoes on OR and pole pieces on MFM
are used by a whole piece of 1010 steel. ST on IR and OR
calculated by 2-D FEM are 52.6 and 341.9 N-m, respectively.
However, the torques of IR and OR calculated by 3-D FEM
are only 29.9 and 194.2 N-m, respectively. The corresponding
STPPC of DFM-CMG is 117.4 N - m/kg by 2-D FEM and
66.7 N - m/kg by 3-D FEM. The discrepancy is mainly
attributed to the considerable end leakage. As there is a huge
gap between the 2-D and 3-D FEM simulation results, it is
necessary to evaluate the accuracy of FE models before using
them for optimization.

B. Validation of the FE Model

In order to validate the FE simulation models, a torsional
model of DFM-CMG is established based on two 3-D lookup
tables obtained by the 3-D FEM simulation results and
mechanical parameters of DFM-CMG. Fig. 3 shows the test
rig for the torque capability measurement. OR is locked during
the experiment, and an abrupt load torque is applied to IR.
Fig. 4 presents the simulation and experimental load angle
responses of IR. As could be seen, the end load angle 8 and
oscillation period obtained from simulation agree well with the
experimental results. The tiny discrepancy is probably caused
by the compromises made on the manufacture of DFM-CMG.

The oscillation period is defined by the vibration theory

2 Ji

Ty= —— /2 o))
Ji-eVk

K = Py, x Tinfmax 2)

where 0 = In(x(/x¢+1), x¢ and x4 is the amplitude in current
cycle and the next cycle, respectively. J; and K denote the
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Fig. 4. Load angle oscillation results. (a) Simulation. (b) Experiment.

total moment of inertia and torsional stiffness. The measured
value of ST on IR is 29 N - m, which is very close to the
3-D FEM simulation result of 29.9 N - m but far from the
2-D FEM simulation result of 52.6 N-m. As the relative error
between the calculated by 3-D FEM and experimental results
is 3.10%, the accuracy of the 3-D FE models and simulation
results is validated. Therefore, the simulation results of the
3-D FE models are used in Sections III and IV.

III. PARAMETRIC ANALYSIS

It has been proven that several dimensional parameters may
influence the torque capability of CMGs [7]. The IR PM
thickness #ir, the pole-arc coefficient ap of IR, the OR PM
width wor and length /oRr, the pole-piece length /T and yoke
length Iy of AFM, and the pole-piece angle fr are selected
as the design variables, as shown in Fig. 2. In this section,
the impact of aforementioned seven parameters on the torque
performance of DFM-CMG is studied, while other unstudied
geometric parameters are kept as the initial design.

A. Impact of IR PM Dimensions

The impacts of the IR PM dimensions, i.e., fir and ap,
on the torque performance of DFM-CMG are first analyzed.
ST and STPPC of DFM-CMG with different values of #r
and ap while keeping other parameters as constant are shown
in Fig. 5. As can be seen from Fig. 5, although a larger #r
and a, may both help to increase ST, #ir plays much more
important role than ap in the ST generation. While keeping
fir = 6 mm, ST may grow from 159.2 to 195.0 N - m as
ap varies from 0.7 to 1.0. Likewise, ST would increase from
150.7 to 191.9 N - m if #igr changes from 4 to 8 mm, under
the condition of ap = 0.8. It is worth noting that the growth
rate of ST with increasing fir and a, would both gradually
slow down as shown in Fig. 5(a). As a result, STPPC first
increases and then decreases with the increase of #ir and ay.
In the case of fr 6 mm, STPPC may increase from
61.9 to 67.6 N - m/kg then decrease to 66.9 N - m/kg as ajp
varies from 0.7 to 1.0.

B. Impact of OR PM Dimensions

Fig. 6 presents the results of ST and STTPC when wor and
lor vary within 3-6 and 10-15 mm, respectively. In each case,
the other parameters are fixed. As can be seen from Fig. 6, the
influence law of wor and Ipr on ST is similar as that shown
in Fig. 5(a). It is obvious that the growth rate of ST with the
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Fig. 5. Variation of the torque performance due to fir and ap. (a) ST.
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Fig. 6. Variation of the torque performance due to wor and IoR.

(a) ST. (b) STPPC.

increasing [or is much slower than that of wog, indicating
that wor may have bigger impact on ST than lor. ST would
increase from 138.9 to 205.8 N - m if wor changes from
3 to 6 mm as [or = 13 mm. However, STPPC would decrease
with the increase of [pr due to the significant growth in PM
consumption. While keeping lopr = 10 mm, STPPC would
achieve the maximum value of 76.5 N-m/kg at wor = 5 mm.
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Fig. 7. Variation of ST. (a) Due to /T and é7. (b) Due to ly and ft.

C. Impact of OR AFM Dimensions

Fig. 7(a) and (b) shows the 3-D curves of ST versus
varying [T and Ot and ly and O, respectively, while keeping
other parameters as the initial design. It is clear to see that
ST would raise significantly by reducing ft, but It and /v
nearly have no effect on ST. ST would be increased from
168.0 to 203.6 N - m if Ot changes from 7° to 3°. The highest
ST could be achieved at 8 = 3°. Because the parameters of
Or, IT, and ly do not change the PM consumption, the influ-
ence law of these parameters on STPPC would be the same
as that shown in Fig. 7.

The aforementioned parametric analysis clearly reveals that
ST and STPPC could hardly be affected by /T and ly. However,
other five parameters, i.e., f[r, @p, wWoR, lor, and &r, have
significant impacts on ST and STPPC of DFM-CMG, which
is worth being further optimized.

IV. MORO FOR THE DFM-CMG
A. MORO Model

MODO could not consider the perturbations of design
parameters and the reliability and stability of optimization
results. In order to take into account of the possible uncertainty
in practical dimensions, MORO based on different sigma
criteria is employed for optimizing DFM-CMG. In MORO,
both the mean value and standard deviation of the design
variables and objective functions are considered. The MORO
design of DFM-CMG aims to improve the mean value and
reduce the variability of ST and STPPC caused by parametric
fluctuations, meanwhile, increasing the reliability of design
variables and optimization results. Typically, the mathematical
model of MORO based on sigma criteria could be expressed
as the following equation considering the robustness of both

IEEE TRANSACTIONS ON MAGNETICS

objectives, constraints and design variables, while the two
unstudied parameters are kept as the initial design:

ST ST
ST—I‘ef:I + (1 o i)O' I:STref:I
STPPC STPPC
— A STPPC,ef:I + A =Ae I:STPPC,ef:I
s.t. 4 mm + no[fr] < pultr] < 8 mm — no[#r]
0.7 + nolap] < ulap] < 1.0 — nolap] G)
3 mm + no[wor] < ulwor] < 6 mm — no[wor]

[ min —Au

10 mm + no [lor] < ullor] < 15 mm — no [lor]
3 deg + no[0r] < u[fr] <7 deg — no[6r]

where x4 and o are the mean and standard deviation, respec-
tively, and A denotes the weight factors imposed on the
mean of the optimization results. STyt and STPPC,ef, which
are introduced to make two objectives comparable, are the
reference value of ST and STPPC with the initial design,
respectively. In (3), the value of n is typically set as 3 or 6,
namely, three sigma (30) or six sigma (60 ), which is used to
control the width of the distribution. In this paper, each design
parameter is assumed to distribute normally with the standard
deviation as 1/3 (3¢) or 1/6 (60) of its manufacturing toler-
ance. The tolerance values of each design parameter are equal
to 5% of their variation range from the typical manufacturing
tolerance. Besides, the sigma criteria of objectives and design
variables are set as the same.

A typical method to generate sample points is to adopt the
design of experiments. The full factorial design method, noted
for its uniformity, is implemented to generate 2400 sample
points. Based on the sample points obtained by 3-D FEM of
DEM-CMG, the metamodels based on PR are established to
approximate the functions of ST and STPPC with the five
main design parameters, which are expressed as

ST = —400.24 + 17.5567 + 12.28lor + 12.391r

+47.40woR + 453.03a, — 1.640F — 0.4313,
— 1.251f; — 4.04wdy — 248.77a + 0.010rlor
—0.60611Rr — O.919Tw0R — 3.429Tap
—0.01lortir — 0.07lorWout + 0-O6lORap
+ 1.4261RwoR + 10.20tRap + 7.6Tworay ()

STPPC = —44.11 4 0.8267 + 0.15l0r + 0.801r
+17.60woR + 201.43a, — 0.700F — 0.1113
—0.451f — 1.78wdg — 114.19a + 0.186rlor
—0.01671R + 0.0567w0R + 0.30074,
+0.21lortiR — 0.47lorWout + 0.7910Rrap
+ 0.6411RWOR — 1.55nrap + 1.07worayp. (5)

The accuracies of these metamodels can be evaluated by the
root-mean-square error normalized (RMSEN), the maximum
error normalized (MEN), and the square value (R?%), which can

be given by
| 2zt Gr=50)*
RMSEN = ~—— " (6)
Yk_max — Yk_min
MEN = (M) k=1,2,....n (7)
Yk_max — Yk_min



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

LIU et al.: MORO FOR A DUAL-FLUX-MODULATOR COAXIAL MAGNETIC GEAR

TABLE II
ACCURACY ASSESSMENT OF THE METAMODELS

[
[
[
RMSEN MEN R’ } Defining the design variables,
ST 0.0155 0.0294 0.9965 } constraints and objectives
STPPC 0.0166 0.0323 0.9963 |
} Generating samples with full
5 } factorial design
n A
—1 Ok — &
R2 — qu Y Vi) 8)

k=1 Ok — J1)?
where y; and Vi represent the exact response value calcu-
lated by FEM and the corresponding value predicted by PR
metamodels for the error analysis point k, yi is the average
of yi, and n denotes the number of these error analysis sample
points. It is worth noting that smaller RMSEN and MEN are
preferred, and the value of R? closer to 1 indicates a higher
accuracy for the overall design space. The results of accuracy
assessments of these PR metamodels are listed in Table II.
It could be seen that R> for ST and STPPC metamodels
are 0.9965 and 0.9963, both very close to 1. It proves that
these responses of ST and STPPC can be predicted by the PR
metamodels accurately. Therefore, these metamodels would be
employed in the following MODO and MORO with reliable
accuracy.

In order to illustrate the performance of different sigma
criterion, the reliability of all design variables Py, is taken
as a criterion according to the multiplication theorem of
independent events in statistics, which is defined as

Pu(X)= [] P@L =X <UL) ©)

i=1,2,....m

where m denotes the number of design variables, P is the
reliability of each design variable, and the LL and UL are the
lower and upper limits of design variables.

B. MORO Method

Fig. 8 shows the flowchart of the developed MORO design
method. Compared with other multi-objective optimization
algorithms such as NSGA-II, the MOPSO algorithm is char-
acterized by fast convergence and well-distributed Pareto
frontier [13]. Moreover, it is worth noting that the MOPSO
algorithm has been employed to solve the design problems of
electromagnetic devices with PM successfully [14].

In this method, the metamodels of ST and STPPC based
upon the full factorial design method and the PR technique
are constructed. The MOPSO algorithm is first employed to
maximize ST and STPPC in MODO. In order to compute
the probability distribution of design variables and objective
functions, it is assumed that the design variables are inde-
pendent and normally distributed. The reliability of design
parameters from MODO is evaluated according to (9). The
lowest reliability is set to 95.0%, if the reliability of design
parameters is lower than 95.0%, the MOPSO algorithm-based
MCS would be used to handle with the MORO design to
increase the robustness of the optimal designs and prevent the
limit violation. For each of the design variables and objective
functions in MORO, 10000 MCSs are employed to get the
statistic characteristics.

A 4
Calculating the response by
finite element method (FEM)

‘ Constructing PR metamodel ‘

Checking the fitting
accuracy?

Mo » MODO » MORO
7 oy
Obtaining the statistical
Getting Pareto front Samplesvby MCS

Calculating the means
and standard deviations
of the response functions

v

\
[ \
\ [
\ \
\ \
\ \
[ \
I I
\ \
I I
\ [
‘ [
[ \
[
| |
\
! No , |
\ Getting robust Pareto front| |
} Checking the reliability? v }
‘ Selecting robust optimal \
| Yes |
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v

Selecting optimal design value

design value
Validating effectiveness?
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Fig. 8. Flowchart of MORO.

C. Optimization Results and Discussion

The MOPSO algorithm is first employed to solve the
MODO problem without considering the perturbations and
uncertainty of design variables. The settings of MOPSO are
listed in Table III. The Pareto frontier for DFM-CMG con-
verges adequately after 1000 generations. Every point on the
Pareto fronts represents one Pareto optimal solution, which
elucidates the tradeoff between ST and STPPC. It is also found
that an optimal design as point D shown has a higher STPPC
with a 22.5% growth when maintaining ST to be compared
with the initial design point I. Moreover, the optima at right
side of point D, in the green-dotted area as shown in Fig. 9,
could increase ST and STPPC simultaneously compared with
the initial design. The highest ST is achieved at 238.0 N-m by
only taking torque capability into account, while the highest
STPPC could be improved to 82.3 N-m/kg by 3-D FEM. The
design parameters and their reliability of MODO are given
in the second and third columns of Table IV. The reliability
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6
TABLE III
SETTINGS OF MOPSO
MOPSO setting parameter Value
Population size 100
External archive size 50
Inertial weight 0.730
Personal learning coefficient 1.496
Global learning coefficient 1.496
= MODO e MORO with 3-sigma
84 D(194.5.81.7) A MORO with 6-sigma
2L Al = R3(9LELY :
| S gy
80 I \ ny -y |
% o [ R6(194.481.0) S
£ T T
E [ % "
Z 76 . |
o1 |
& T4 n
2l t
<72 |
70 - |
¢g [ [nitial design |
[(194.2, 66.7) lL _________ ]
66 " 1 n 1 L 1 1 1 1 J
170 180 190 200 210 220 230 240
4[ST] (Nm)
Fig. 9. Pareto fronts of mean value with MODO and MORO (4 = 1).

calculated according to (9) is 40.5%, which means that the
reliability of the optimal results is lower than the acceptable
value.

In order to increase the stability of the optimal designs and
improve the reliability of design parameters, it is necessary
to implement MORO for the DFM-CMG design. The Pareto
fronts are obtained for 3¢ and 60 with 4 = 1 using the MORO
method described in Fig. 8. The comparisons of Pareto fronts
of MODO (n = 0) and MORO are shown in Fig. 9. The Pareto
fronts of MORO all locate to the lower left of the MODO
points, indicating that MORO has a lower probability to violate
constraint near the range boundary of the design parameters
caused by the parameter variation. In addition, it is also found
that the shape of the Pareto fronts is similar to the 30 and 60
criteria. The design parameters of MODO and MORO with
30 and 60 are given in Table IV. The reliabilities of MODO
and MORO with 30 and 6o are 40.5%, 99.8%, and 100.0%,
respectively, which means that the reliability of the optimal
results with MORO is significantly improved.

Fig. 10 shows the optimal Pareto fronts of the standard
deviation for MORO with 3¢ and 6¢. It could be seen that
the standard deviations with 60 is much lower than these
with 30, indicating that the Pareto fronts with 60 becomes
more reliable.

The comparisons between the optimal results of MODO
and MORO are listed in Table V. STPPC achieved by MORO
with 60 is a little lower than that of MODO, which has a
21.4% and 22.5% growth than that of the initial design under
the same constraint of ST, respectively. However, the standard

IEEE TRANSACTIONS ON MAGNETICS

TABLE IV
DESIGN PARAMETERS AND OPTIMIZATION RESULTS

Design MODO P MORO P MORO P
parameter 3-c 6-c
R 6.13mm 100.0% 6.02mm 100.0% 6.25mm 100.0%
o 0.92 100.0% 0.92 100.0% 0.92 100.0%
WoR 520mm 100.0% 5.22mm 100.0% S5.11 mm 100.0%
lor 10.00 mm 50.2% 10.25mm 99.9% 10.25mm 100.0%
Or 3.06 deg  80.6% 3.20 deg 99.9% 3.20 deg 100.0%
L ® MORO with 3-sigma
A MORO with 6-sigma ‘t'
025 F ‘e
°
2 ?,
g ,0
2020} dey
55 L
=9
=9}
2
BO15F
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Fig. 10.  Pareto fronts of standard deviation for MORO with 3¢ and 60

(A=1.

TABLE V
ERROR OF OPTIMIZATION METHOD

U[ST] U[STPPC]  ofST] o[STPPC]

Metamodel 194.53 Nm 81.71 Nm/kg 1.32Nm 0.18 Nmv/kg

MODO FEM (3D) 194.42Nm 81.68 Nm/kg 1.31 Nm 0.18 Nmv/kg
Error 0.06% 0.04% 0.06% 0.05%

Metamodel 194.11 Nm 81.11 Nmvkg 1.31 Nm  0.19 Nm/kg

MORO FEM (3D) 194.01 Nm 81.08 Nmvkg 1.30 Nm 0.19 Nm/kg
3-0 Error 0.05% 0.04% 0.08% 0.06%

MORO Metamodel 194.42 Nm 81.01 Nmvkg 0.66 Nm 0.10 Nm/kg

6-6 FEM (3D) 194.32Nm 80.98 Nm/kg 0.65Nm 0.10 Nmvkg
Error 0.05% 0.04% 0.15% 0.07%

deviations of ST and STPPC are 0.66 N-m and 0.10 N - m/kg
which are much lower than those of 1.32 N-m and 0.18 N-m/kg
obtained by MODO. It proves that the stability of MORO
results is higher than that of the MODO results. Moreover,
it could be found that these errors of ST and STPPC between
the FEM results and the optimization results based on the
metamodels are less than 0.2% from Table V, which demon-
strates the effectiveness of the MODO and MORO methods.
In addition, a higher robustness could be expected with higher
sigma criteria considering the perturbations and uncertainty
of the design variables. However, the mean values may be
decreased at the same time. For industrial manufacturing and
assembling, 3¢ criteria mean 2700 defects per million for the
short term and 66803 defects per million for the long term,
while 60 criteria signify 0.002 defects per million for the
short term, and 3.4 defects per million for the long term [15].
In order to enhance the robustness of the optimization
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Fig. 11. Pareto fronts of mean value for MORO with 6¢.
results effectively, MORO designed for DFM-CMG is
expected to achieve 6¢ criteria in this paper.

Fig. 11 presents the optimal Pareto fronts using MORO-
based 60 criterion with 4 = 1, 4 = 0.1, and A = 0.01,
respectively. The ranges and shapes of the Pareto fronts are
similar to that shown in Fig. 9. It is worth noting that the
Pareto fronts moves to the lower left as the decrease of A,
indicating that the mean values of ST and STPPC are worse
when the weight factors A imposed on the standard deviation
of the optimization results is considered.

Although large number of optimization points could be
gotten from the Pareto frontiers, the most satisfactory
optimization results should be chose from the Pareto frontiers
finally. Usually, the weight method is used, in which trans-
forming many objectives into a single objective function based
on weight factors in according to their relative significance.
However, it is not easy to set suitable weight factors imposed
on each objective. The minimum distance selection method
presented in [16] is used to obtain the most optimal design
point from Pareto frontiers. In this paper, the schematic
of the minimum distance selection method considering the
normalized objective functions is shown in Fig. 12. f; and f>
are the normalized values of both objective functions on the
Pareto front. The point (1, 1) denotes the ideal optimal solution
that is unachievable due to the confliction of two different
objectives. The variable distance D represents the distance
from optimization points on the Pareto front to the ideal point.
The most satisfactory solution termed as the overall optimum
point has the shortest distance Dy, shown in Fig. 12.

The most satisfactory solution points for the Pareto frontiers
shown in Fig. 11 are obtained by adopting the aforementioned
method. In this case, fi and f> are defined as the mean values
of ST and STPPC, respectively. The comparative results are
summarized in Table VI. It could be found that these overall
optimum points centrally distribute in lower right region under
different values of A. Moreover, the smaller A, the lower mean
values, and standard deviations of ST and STPPC for the
optimization results are obtained. Therefore, the tradeoff must
be made between the stability and the torque performance in
practice.

4 Ideal point (1,1)

06| Overall optimum point

0‘0 L 1 L L
0.0 0.2 0.4 ﬁ 0.6 0.8 1.0

v

Fig. 12.  Schematic of the shortest distance selection method based on
normalized objective functions.

TABLE VI
COMPARISON OF OPTIMIZATION RESULTS

U[ST] U[STPPC] ol[ST] o[STPPC]

A= 21881 Nm 78.75Nm/kg  0.60 Nm 0.12 Nm/kg
A=01 21838 Nm 7830Nm/kg 0.59 Nm 0.11 Nm/kg
A=001 21421 Nm 7820Nm/kg 0.58 Nm 0.10 Nm/kg

V. CONCLUSION

In order to improve the torque performance and robustness
of DFM-CMG simultaneously during the design process,
a MORO method addressing the effects of parametric uncer-
tainties on the optimization design is presented in this paper.
The MOPSO algorithm with MCS is employed to conduct
MORO. The optimized results show that STPPC achieved by
MORO with 60 has a 21.4% growth than that of the initial
design under the same constraint of ST. Compared with the
MODO results, although the optimized STPPC of MORO
with 60 result decreases by 1.1%, the robustness could be
significantly improved. It is proven that the MORO design
method is effective to achieve higher stability and reliability
as well as the torque performance of DFM-CMG, which could
help to improve the comprehensive performance of the novel
DFM-CMG in practical applications.
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