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Motivation

• Toyota prius
• Hybrid vehicle

• The ride quality is improved by using motor compared to ICE vehicle

• Interior Permanent Magnet(IPM) motor
• Advantage 

• Large speed range
• High motor torque at same current

• Disadvantage

• High cogging torque
• High torque ripple
• High vibration and noise

Introduction EM analysis   Optimization   Conclusion

Using optimization, improve the disadvantage of IPM motor 
that interrupt hybrid vehicle concept 

and motor losses

Interrupt hybrid vehicle concept 
(smooth ride)
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[variation in the magnet arc length][skewing matnet] [variation in the radial shoe depth]

Motor background

• Cogging torque
• The torque due to the interaction between the rotor permanent 

magnet and the stator slots of a permanent magnet machine

• Known as detent or no-current torque

• Reducing techniques∗

• Skewing stator stack or magnets
• Varying the magnet arc length
• Varying the radial shoe depth

• Torque ripple
• Motor torque amplitude at power applied

• "#$%−"#'(

Introduction EM analysis   Optimization   Conclusion

[cogging torque production]

*Keyhani, CB Studer, T. Sebastian, SK Murthy, A. (1999). Study of cogging torque in permanent magnet machines. Electric Machines &Power Systems, 27(7), 665-678.



Copyright © 2012 Altair Engineering, Inc. Proprietary and Confidential. All rights reserved.

Motor background

• Motor losses
• Joule losses(Copper losses)

• Joule heating (!"#) when current flows through stator coils and rotor
• Iron losses(Core losses)

• Due to changing magnetic field in the rotor and stator cores
• Mechanical losses

• Losses associated with mechanical effects
• Stray(miscellaneous) losses

Introduction EM analysis   Optimization   Conclusion

[Motor power-flow diagram]
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Initial motor

No-current simulation

Constant speed simulation
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Initial motor

• Motor rating
• Motor designed for hybrid electric vehicle traction/generation

• Max bus voltage : 500 V
• Peak torque : 400 N & m
• Max speed : 6000 rpm
• Peak power rating : 50 kW -. 1200 − 1500 rpm

• Motor main characteristics
• 48 stator slots

• 3 phase wye connected

• 4 pole pairs

• Stator outer radius : 141 mm
• Stack length : 75 mm

• Material
• Lamination type : M270-35A

Introduction   EM analysis Optimization   Conclusion

Material
B(H)

J(E) [45]
Remanent flux density Relative permeability

NDFEB 1.2 1.05 1.4e-6
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No-current simulation

• Condition
• 1/6 rpm constant speed

• Simulation range: 0° − 7.5°
• Simulation steps: 40

• Cogging torque is computed with a multi-position simulation

• Initial motor result

• Cogging torque : 7.4874 N 0 m

Introduction   EM analysis   Optimization   Conclusion

[Magnetic flux density] [Motor torque]
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Constant speed simulation

• Condition
• 1200 rpm constant speed

• Simulation range: 0° − 47°
• Simulation steps: 94

• Max current: 200A

• Initial motor result

• Torque ripple : ,-./−,-01 = 112.62 N 6 m
• Average iron losses : 22.28W

Introduction   EM analysis   Optimization   Conclusion

[Motor torque] [iron losses]
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Process flowchart

Introduction   EM analysis   Optimization Conclusion

Formulation

Objective function minimize &

Design variables GAP, RADSH, ⋯
15 design variable

constraint

GAP ≥ 0.6 mm
BRIDGE ≥ 1mm
A012345 ≤ 7A012345
T941: ≥ 0.95 = 7T941:

Design of experiment (1)

[DoE(FFD)]

Screening

[Screening(ANOVA)]

[DoE(LHD)]

Design of experiment (2) & Fitting

[Fitting(HK)]

Optimization
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Formulation

Introduction   EM analysis   Optimization Conclusion

• Objective function

• minimize&'
∆)*+,
)*+,-

+ &/
∆)012
)012-

+w4 ∆510+6510+6-

• &', &/, &4 : weighted sum
• 789:; : Initial cogging torque

• 7<=>; : Initial torque ripple

• ?=<9@; : Initial iron losses

• Design variables
• Air gap(GAP)

• Rotor

• Shaft radius(RADSH)

• Thickness of magnet(LM)
• Web(WEB)
• Magnet width(MAGWID)
• Bridge(BRIDGE)
• Depth of pole cap(IPMHQ)
• Rad web length(LWEB) 
• Rotor external radius(RAD1)

• Stator

• Slot opening(SO)
• Radial depth(TGD)
• Slot depth(SD)
• Tooth width stator(TWS)
• Slot opening angle(SOANG)
• Tooth rillet radius near stator slot 

opening(FILSO)

GAP

RADSH

LM

WEB

MAGWID

BRIDGE

IPMHQ

LWEB

RAD1

SO

TGD

SOANG
SD

TWS

FILSO

[Design variables]
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Formulation

Introduction   EM analysis   Optimization Conclusion

• Constraint
• GAP ≥ 0.6 mm

• BRIDGE ≥ 1mm

• A*+,-./ ≤ 1234567
8 (2.7 < 10=> ?@)

• TC.+D ≥ EF63G
8 (400 N < m)

Airgap

Area of magnet
Motor peak torque

8 ∶ Initial value

Formulation

Objective function minimizeOP
∆ERS,
ERS,
8 + O@

∆EUVC
EUVC
8 +OW

∆XVUS-
XVUS-
8

Design variables GAP, RADSH, LM, WEB, MAGWID, IPMHQ, LWEB, 
RAD1, SO, TGD, SD, TWS, SOANG, FILSO

Constraint

GAP ≥ 0.6 mm
BRIDGE ≥ 1mm
A*+,-./ ≤ 1234567

8

TC.+D ≥ EF63G
8
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Surrogate model

Introduction   EM analysis   Optimization Conclusion

• Surrogate model 
• Suitable for design that requires a large number of 

analyses

• Type
• Response surface model(RSM)

• Smooth modeling, easy to use
• bad for nonlinear, user need to decide the degree 

of polynomial
• Kriging model

• Good for nonlinear, not sensitive to the value that 
user should designation

• Hard to use, same sample make singular 
correlation matrix

• Radial basis function(RBF)

• Good for nonlinear, easy to use
• Depending on basis function and parameter

Least squares regression(LSR)

Hyperkriging(HK)

Radial basis function(RBF)
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[Fractional factorial design] [Latin hypercube design]

Design of experiment (1)

Introduction   EM analysis   Optimization Conclusion

• Sampling
• Fractional factorial design

• Reduce # of sampling by disregarding negligible 
high order interaction effect

• Usually employed for screening experiments
• Latin hypercube design

• Every factor should have the same number of levels
• Used to construct computer experiments

• Design of experiment
• Fractional factorial for screening

• 2 level (32 samples) for linear relationship
• 3 level (72 samples) for nonlinear relationship

• Design variables boundary : 10~20%

Fractional factorial(FracFact)

Latin hypercube
(LatinHyperCube)

• Response  

• Cogging torque(!"#$)
• Torque ripple(!%&')  
• Iron losses((&%#)) 

*+

*,
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Data analysis & screening

Introduction   EM analysis   Optimization Conclusion

• Scatter plot
• Tool for analyzing the correlation between two factors in 2D plot

• Not quantitative expression

• Correlation coefficient
• Tool for analyzing the linear correlation between two factors

• !",$ = &'((",$)
+,+-

• ANOVA
• Determine the relative importance of factors

• Important factor will have a lower p-value

• Criterion: 0.05
• Limited sampling

• Full factorial design
• Orthogonal array

x1 and y have 
quadratic relationship

x1 and x2 do not 
affect each other

x2 and y have
Linear relationship

[Scatter plot]

[Correlation coefficient]

x1 and x2 do not 
affect each other

x2 and y have
Linear(negative) 

relationship

Can’t express 
quadratic relationship 

between x1 and y
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Data analysis & screening

• ANOVA: cogging torque
• 3 design variables are screened

• ANOVA: torque ripple
• 4 design variables are screened

Introduction   EM analysis   Optimization Conclusion

[ANOVA_2 level variable] [ANOVA_3 level variable]

Variables p-value Variables p-value

GAP 0.0693583 RAD1 0.0020965

RADSH 0.4907868 SO 0.1322403

LM 0.8117471 TGD 0.3892049

WEB 0.3148842 SD 0.0085003

MAGWID 0.2825898 TWS 0.2745778

BRIDGE 0.6555858 SOANG 0.7696770

IPMHQ 0.6939001 FILSO 0.9050395

LWEB 0.6041003

Variables p-value Variables p-value

GAP 0.062413 RAD1 0.000008

RADSH 0.614291 SO 0.497485

LM 0.06134 TGD 0.16035

WEB 0.989037 SD 0.000002

MAGWID 0.001386 TWS 0.228263

BRIDGE 0.954939 SOANG 0.783999

IPMHQ 0.073173 FILSO 0.267772

LWEB 0.954878

[ANOVA_2 level variable] [ANOVA_3 level variable]

Variables p-value Variables p-value

GAP 0.1959214 RAD1 0.0029190

RADSH 0.6230587 SO 0.5529487

LM 0.6969974 TGD 0.8491803

WEB 0.9693832 SD 0.0011000

MAGWID 0.4503535 TWS 0.3895534

BRIDGE 0.4685878 SOANG 0.7606697

IPMHQ 0.1510469 FILSO 0.7456549

LWEB 0.9358905

Variables p-value Variables p-value

GAP 0.2031644 RAD1 0.0000001

RADSH 0.8579230 SO 0.0808261

LM 0.9505285 TGD 0.0504487

WEB 0.6598610 SD 0.0000000002

MAGWID 0.0009200 TWS 0.1040213

BRIDGE 0.9754715 SOANG 0.6327074

IPMHQ 0.0192570 FILSO 0.3282458

LWEB 0.3787603
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Data analysis & screening

• ANOVA: iron losses
• 6 design variables are screened

• ANOVA result
• 8 design variables are screened

• GAP
• MAGWID
• IPMHQ
• RAD1

Introduction   EM analysis   Optimization Conclusion

• SO
• TGD
• SD
• TWS

[New design variables]

GAP

MAGWID

IPMHQ

RAD1

SO

TGD

SD

TWS

[ANOVA_2 level variable] [ANOVA_3 level variable]

Variables p-value Variables p-value

GAP 0.0103289 RAD1 0.000646

RADSH 0.6825495 SO 0.4273787

LM 0.8572155 TGD 0.9441893

WEB 0.4211522 SD 0.000701

MAGWID 0.8415521 TWS 0.0045623

BRIDGE 0.9153773 SOANG 0.7984617

IPMHQ 0.2584207 FILSO 0.9025410

LWEB 0.9534629

Variables p-value Variables p-value

GAP 0.00000002 RAD1 2.10E-15

RADSH 0.9091198 SO 0.0021236

LM 0.9783552 TGD 0.0170979

WEB 0.6373757 SD 2.62E-15

MAGWID 0.7006632 TWS 0.0000008

BRIDGE 0.5113151 SOANG 0.5634426

IPMHQ 0.2795687 FILSO 0.2714437

LWEB 0.4934220
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Design of experiment (2) & fitting

Introduction   EM analysis   Optimization Conclusion

• Design of experiment
• Latin hypercube design for fitting

• Saturated number : !"#$ = ('())('(+)
+ = 45

• Number of sample points: 3!"#$ = 135
• Design variables boundary : 10~20%

• Response  

• Cogging torque(0123)
• Torque ripple(0456)  
• Iron losses(7542')
• Magnet area(89#3':$)
• Motor mass(;92$24)

• Fitting
• Hyperkriging(HK)

• Radial basis function(RBF)

• Basis function: Gaussian

• Parameter: 0.2086

Choose the best model by validation
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Design of experiment (2) & fitting

Introduction   EM analysis   Optimization Conclusion

• Leave-one-out cross-validation(LOOCV)
• Out-of-sample testing for interpolation model

• Root mean squared error(RMSE)
• Good fitting model will have lower RMSE

• !" = $
%∑'($

% ( *+,' -' − + -' )0

HK RBF

Cogging torque 2.4179 4.4457

Torque ripple 5.1373 12.4880

Iron losses 0.6207 2.3938

Magnet area 3.36E-16 1.02E-5

Motor mass 0.0508 1.1008

[Diagram of LOOCV]

Selected

[LOOCV]
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Optimization

Introduction   EM analysis   Optimization Conclusion

• Optimization method
• Adaptive response surface method(ARSM)

• Maximum iteration: 200
• Absolute convergence: 0.001
• Solver: SQP

• Weight sum: !" = 1 ; & = 1 '( 3
• Design variables result

• Round off the numbers to two decimal places for production

Initial value Rounded value

GAP 0.77215 0.77

MAGWID 51.20889 51.2

IPMHQ 8.00000 8.0

RAD1 101.00000 101.0

SO 1.60000 1.6

TGD 0.80000 0.8

SD 24.00000 24.0

TWS 7.90000 7.9

GAP
MAGWID
IPMHQ
RAD1

SO
TGD
SD

TWS
Lower Upper

Initial optimal
[Design variables]
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Optimization

Introduction   EM analysis   Optimization Conclusion

Initial value Optimum value

Cogging torque 
[N " m]

7.4874 0.4879 (93.48% ↓)

Torque ripple
[N " m] 112.62 57.43 (49.01% ↓)

Iron losses
[W] 22.28 19.41 (12.88% ↓)

• Result
• Objective 

• Constraint

• ./0 = 2. 33 44 > 0.6 mm

• BRIDGE = 744

• 89:;<=> = ?. @A " 72BC 9? < 2.7 " 10BE FG

• HI=:J = C22. KA L " 4 > 400 N " m (active)

• Motor mass: 28.63 NO < 29.26 NO

[Torque at no-current]

[Torque at constant speed(1200rpm)]

[Iron losses at constant speed(1200rpm)]
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Summary

Introduction   EM analysis   Optimization   Conclusion

• Moter modeling and EM analysis by flux and size optimization by 

hyperstudy

• Using optimization, improve the disadvantage of IPM motor that 

interrupt hybrid vehicle concept

• There are nonlinear relationship between design variable and 

response in motor

• Rotor radius(RAD1), and slot length(SD) are important                   

for all responses         

• By rounding off the numbers to two decimal places,            

satisfy production

Initial Optimum

[Motor shape]



Thank you
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Back data

• Motor production
• Stamping

• Check production by controling value

• Accuracy : 0.1mm
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[Motor cross section]

Back data
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Motor background

• Motor type
• Induction motor(IM)

• Permanent magnet motor

• Surface permanent magnet(SPM) motor
• Interior permanent magnet(IPM) motor

Type SPM motor IPM motor

Advantage

• At low speed
• Low torque ripple
• Low cogging torque
• Low vibration and noise

• At high speed
• Large speed range
• High motor torque at same 

current

Disadvantage • Small speed range
• High cogging torque
• High torque ripple
• High vibration and noise

Do improve by optimization

Motor losses

[Structures of IM, SPM motor and IPM motor]
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Data analysis & screening

• ANOVA: cogging torque
• 3 design variables are screened

• ANOVA: torque ripple
• 5 design variables are screened 

[ANOVA_2 level variable] [ANOVA_3 level variable]

[ANOVA_2 level variable] [ANOVA_3 level variable]
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Data analysis & screening

• ANOVA: iron losses
• 6 design variables are screened

[ANOVA_2 level variable] [ANOVA_3 level variable]


