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Introduction: The Optimization

Find the best value of input parameters that
maximizes or minimizes an objective
function taking into account constraints

Use optimization algorithms that propose !
search strategies to find the optimum,
based on evaluations of the objective

function. . Xopt  x
F
Optimization
g' algorithm 7
= ocopy || Jre %
--:_ Objective :
é function X_opt X
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General optimization strategies...

Deterministic algorithms (SQP, Conjugate gradients,...)
e Fast F
* Based on local function variations
« Efficient to find local optimum
* Need gradients of the functions

Stochastic algorithms (Genetic algorithms, Niching,...)
e Time-consuming
* Based on wide number of trials
« Efficient to find the global optimum
« Do not need gradients of the functions

X
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Based on numerical models...

The time to evaluate the objective functions must be
minimal:
e Each Finite Element evaluation is costly,
e They must be performed many times.

A good approach is based on Design Of Experiment.

Two strategies:
¢ Reduce the number of input parameters: Screening,
e Use indireth optimization: Response Surface Methodology.

NS A

x
F'(x)= a0 +al.x1+a2.x2+al2.x12+a22.x22+a3.x1.x2 Design of Experiment tables
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Strategy to reduce the size

Screening: detect the most influent parameters:
« Can sort a large number of parameters,
* Reduce needed set of calculations.

£ ScreeningAnalyzer LOSSES x|
ScreeningAnalyzer_LOSSES

Effets
i 15 2,0 25 30 35 44

1,
EE———
won|

Facteurs

adanted solutions
T
il

Y . ki _LOSS SSES_1_
([:;1 7, CEDRAT s

= ea=isIT W1H

Strategy to reduce computation time

Indirect Opti™iz=tion: Response rummird
. Optimization algorithm
Design of

Experiment tables XI Isf(x) Numerous

.

cheap calls

E

:> Response surface

(Surrogate function)

[ftxane)  FEv cOStY

Xtable I

Objective function
(FE calculation)

X
Build surrogate function Response surface Method

Sequential Surrogate optimizer (SSO)
Results RS

Response surface '—»
Results Flux
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A wide range of applications:
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An Industrial and Multipurpose Tool

= Minimize losses in a machine, Chist
= Minimize torque ripples,

= Minimize time-response of an actuator,

= Reduce electric field along a path,

= Maximize efficiency of

electromechanical conversion.

adayled solutions
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GOT-It Features...

Continuous and/or discrete parameters,

Single or multi-objective functions,

Constrained or unconstrained optimization,

Analytical functions or functions derived from numerical models,
Design Of Experiments (DOE),

Response surfaces (polynomial, RBF, kriging, Space Mapping).

Direct or indirect (SRM) optimization techniques.

Deterministic (CG, BFGS) or stochastic (GA, Niching, PSO) algorithms,

Post-processing (curves, surfaces, Pareto frontiers, sensitivity analysis,
automatic report).

October 2012
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Basic Operation

Infeasible

F 609>0

Define the optimization problem
* Objective function
(mono or multi-objective) ¢

x_opt X

» Constraints
« Variations of input parameters

Choose an optimization algorithm and run it
» Deterministic or stochastic
e Can be chosen automatically by GOT-It

Post-process the results

e Draw curves
* Create automatic report (html format)

adanted solutions
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GOT-It interface

=10l

@ GOT-It 1.0 - interface.gotit

D) Information | &y Consola |

|interface

Project: D\dmsvrudieva\GOT- interface gotit

nts:

Information | | Console

v choosing optimization algoritiwas, for lamching optmizations and for

adayled solutions
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GOT-It contexts

@ The selected context determines the level of use

Context Allows mainly...

Parametric

. Handling parametric studies
Parametric enhanced

Screening Finding the most influent parameters

Model reduction Building response surfaces

Defining optimization problems, choosing
optimization algorithms, launching optimizations and
analyzing the optimum solutions

Optimization
Optimization enhanced

Expert using expert functionalities

adanted solutions
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GOT-It entities

The selected context also determines the entities used

Parameter

Function Parametric
Function vector Parametric enhanced
Surrogate factory Screening
Surrogate Model reduction
Optimization problem

Optimization algorithm Optimization
Optimization Optimization enhanced
Optimization problem factory

Stochastic operator Expert

adayled solutions

Connector and Analysis tool are available in all contexts
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GOT-It analysis tools...

Evaluator : F(x;,X,,...,X,) evaluation for reference values
of X,

Curve plotting : variation curve of F(x)

Surface plotting : variation surface of F(x;,X,)

Isoval plotting : parametric isovalues

Screening analyzer : sensitivity analysis of F(x;,X,,...,X,)

Variation plotting : Function variations around the
optimum

§ Stochastic evaluator : robustness analysis

%E Pareto frontier : Pareto frontier in multi-objective

= optimizations

W?ﬂ 7, CEDRAT »
MAGSOFT 7
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GOT-It - Flux coupling set up
1) Export coupling component from 2) Create Flux communicator
Flux projec in GOT-It project

| Solving

@ Corr

wector: Creation x|

Connector

Pragetssiang pites e

»
e |=| Input parameters: S,
r— - R —
Geometric parameters Corvacke [ - Fx Commricat
Parameters 1/0 (scenario) = nama [T

Froject pah [ieva\GOT- INDocumentation FEF (Cased\CASEZ 4 2
' Output functions: /J
g- Parameters 1/0 (formula) -
= Sensors Select (.F2G) file
g e p— exported from Flu
g v FluxFileForGOT-1t.F2G.FLU
W?w v LinkComponent.F2G
CEDRAT
nicsor & 1
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Coupling technology

GOT-It drives optimization based on CEDRAT tools simulations

Available in Flux v10.4.1 and subsequent versions
= 2D, 3D and Skew applications (according to the Flux license)
= Need to launch Flux in advanced mode

e

Input parameters
GO T-I t = Direct optimization

‘Surrogate factory Indirect optimization

Qutput functions

- h o —
M([ﬁj % CEDRAT —
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Post processing command files

Specified in the coupling component for GOT-It
Used at each Flux evaluation

P - : T v To get the min, max,
e ! e mean value of a 2D
e curve
Diwetéey 10 2w coiig ¥
._cnmpm.... 4 I —
R} Lo
Fusipencassing pithon fin ] ‘-T'E':‘TT'-—“ .
GetBmaxCore.py [ = v To get the time
Componeet input ]| %
i ‘ - response
[Hean =]
e |
7z e—— : : v To compute losses,

performances,
cogging torque,...

adayled solutions
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See how it works!
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Industrial Application
= Motor pump
= Water cooled

General Characteritics
= Constant speed operation at 2000 rpm
= 0.7hp
= 4 poles
= 24 slots
= 3 Phase Y connected winding

ST=0T Wi

Example 1: Minimize Core Losses and
Cogging Torque

S Drive Information
= = Sine
g-:_ = 48 Volts

= 50 Amps max

18
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Brushless PM Motor Dimensions/Materials

Motor Key Dimensions

Value Unit

Stator OD 96.0 mm
Rotor OD 50.0 mm
Gap 0.5 mm

Stack Length 50.0 mm
Magnet Thickness 5.5 mm

Motor Materials

g = Stator laminations: M19 24 Gauge equivalent
2 = Rotor hub: 430F
g = Magnet: Ferrite grade
7
([g;j. 7, CEDRAT 19
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Motor Performances

Motor Magnetic Flux and Saturation

p

¢ N4 _
....... { 5= . ?:'_
= 79 § B\
gf_
0
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Performances
= 55% Efficiency
= 2.54 N.m shaft torque at 2000 rpm
= 0.7hp
= Torque ripples ~ 6%

Losses: 420 Watts
= Stator winding copper losses: 381 Watts
= Stator core losses (estimated): 2.42 Watts
= Bearing friction losses: 30 Watts

October 2012
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Motor Performances
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Power Budget

Output Mech. Power

513.13

\Watts

Copper Losses

331.00|

Watts

Core Losses

2.42]

Watts

Friction Losses

30.00]

\Watts

Magnet Losses

0.36]

\Watts

Total Power

926.91]

Watts

Eff

55.36|

Core Loss Components

Hysteresis Losees 0.67|Watts
Eddy Current Losses 0.81)Watts
Excess Losses 0.94| Watts
Total Core Losses 2.42|Watts

Motor Power Budget Analysis

1000.00

900.00

£00.00

700.00

600.00

500.00

Watts

400.00
300.00

200.00

100.00

0.00

adayled solutions

Motor Power Budget

= Friction Losses

W Magnet Losses
Core Losses

M Copper Losses

m Output Mech. Power

Watts

Core Losses- M19 24 Gauge

ExcessLosses
W Eddy Current Losses

B Hysteresis Losees
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Losses Minimization and

Torque Ripples Reduction
Objective
= Increase motor efficiency by reducing the motor losses
= Reduce torque ripples

Strategy: 2 approaches

= 2 sequential optimization problems with constraints
e Losses minimization
e Torque ripples minimization

= Single step multi-constraints losses and torque ripples

minimization

* Objective: minimum losses
« Constraint: torque ripples below 4.5%

adanted solutions
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Losses Minimization and
Torque Ripples Reduction

The Parameters
Geometric
= Magnet arc A_BetaM
= Magnet edge A_Edge
= Magnet thickness A_LM
= Stator slot opening A_SO
= Stator slot angle A_SOANg
= Stator tip thickness A_TGD

Physics
= Motor drive rms current Airms
= Magnet remanent flux density Abr

adayled solutions
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Losses Minimization and
Torque Ripples Reduction

adanted solutions
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Method 1 - Screening and 2 Steps
Optimization

Screening and Identification

Separation of losses minimization and torque ripples
reduction
= Significant stator winding copper losses
= Motor magnetics not saturated
Losses main contributor and key parameter
= Stator winding copper losses
= Motor drive current
= Constraint on minimum torque requirement => stronger magnet

_§< Torque ripples reduction

Eﬁ = Shaping of stator tooth geometry

£ = Shaping of magnet

= = Constraint on minimum torque requirement

W?{W CEDRAT

MAGSOFT A 26
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Screening and 2 Steps Optimization
Step 1 Losses Minimization

Optimization Algorithm

= Sequential quadratic programming

Results
= Winding losses are reduced from 382 Watts to 96 Watts
= Current is reduced from 30 Amps to 15.4 Amps
= Magnet Br is increased from 0.41 Tto 0.8 T
= 3 SQP iterations

adanted solutions
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Screening and 2 Steps Optimization
Step 1 Losses Minimization

Results: motor losses objective function and torque constrainst

oL B o - ) (o ]
|1 toanocey1....|[ [Fob T0te... | | (7 Const](... |.{A8R, ATRMS.. [Monooby1 ... | [Fobjjate... [ TT_Constll...|| [aBR, AlS...
sams:  Iteration=3, index=0, evaluation=148 93857, parameters=[ ABR=0.3, AIRMS=15, 1amees Iterahon=3, index=0, evaluation=148 93357, parameters=[ ABR=0.5, AIRMS=15,

\\ /\
\ /

T Tteranon 30 QOBTHE Iteration
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Optimization Algorithm

= Genetic algorithm

Screening and 2 Steps Optimization
Step 2 Torque Ripples Minimization

Results
= Torque ripples are decreased from 5.6% to 4.2%

|i -i--:':?-u—..:I‘..“-.-:.;:Ii-::‘:.z-.. ‘I:“ perseterie] ABR= & ATRMI=154, & BETAM=152 L A EDOES LA LS Tar=o,
[ [
| e o
i
1

g |

E !

E.‘

5 1

. |
M 7 CEDRAT
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Screening and 2 Steps Optimization
Step 2 Torque Ripples Minimization
Results: motor torque constraint
.:-.a.--x.\“[_ , index=(l tion=() (41512604, p terr=] ABR=0.8 AIRMS=154, A_BETAM=1524 A_EDGE=S “;_IL:“T_;:_\ A_x--=||x;x:I:_::;\ﬁ =0, A_TGE=0E,
oo g
f
J
W II'
3 | r
g‘. Rl ] q-] e e
7
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Method 2 - Losses Minimization with
Torque Constraints

Objective Function
= Motor losses

Constraint
= Minimum torque requirement
= Torque ripples less than 4.5%

Results

E; = Achieved motor losses: 217.31 Watts
E = Resulting torque ripples 3%
Ef
?/
M(r[ﬁsom %CEDRAI 31

Losses Minimization with Torque
Constraints

Res "‘m L...|[ [Fiosses].[[f a =

adayled solutions

17
E@@ 7, CEDRAT

32

October 2012

16



GOT-It - Optimization with Flux

21T 0§

Results Summary
Name Initial Optimum 1 | Optimum 2
Motor Phase Current (Amps A_IRMS 30.00 15.40 21
rms)
Magnet Br A Br 0.41 0.8 0.69
Slot Opening in mm A SO 0.90 0.82 1.75
Stator Tooth Angle in deg. A_SOAnNg 20.00 10.00 39.9
Tooth Tip Thickness in mm A TGD 1.00 0.80 2.00
Magnet Thickness in mm A LM 5.50 5.56 7.73
Magnet Arc Angle in deg. A_BetaM 150.00 152.80 152.2
Magnet Edge Height in mm A Edge 5.50 5.30 4.86
Motor Losses in Watts L0SSeSmotor 413.42 130.67 217.31
- Average Torque in N.m T_Ave 2.51 2.50 25
g Torque Ripples in % T Ripples 5.56 4.21 3.01
E.‘
E.
-]
?/
([ﬁj' %CEDRAI 33
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Optimization Results
lqi
e
£
%, Optimum Geometry — Process 1 Optimum Geometry — Process 2
LcE
=
g'.
=
-
7
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Impact of Lamination Changes

M19 Equivalent 24, 26 and 29 Gauge

| I8 ¢

= Higher gauge, thinner lamination
= Less losses but not significant

= Increase manufacturing cost with more laminations

= More expensive

Motor Core Losses

M19 24 Gauge |26 Gauge |29 Gauge .00
Thickness 0.64} 0.47| 0.36)mm 250
Number of Lams 79 108 140
Hysteresis Losees 0.67] 0.61] 0.56]watts 200 T
Eddy Current Losses 0.81 0.44} 0.25|Watts % 150
Excess Losses 0.94] 0.94] 0.93|Watts =
Total Core Losses 2.42 199 1.74|Watts 1.00
Delta Losses MNA -0.43] -0.68|Watts 050
Delta NA -17.70] -28.04|%

0.00

24 Gauge

Excess Losses
® Eddy CurrentLosses

H HysteresisLosees

26 Gauge 29 Gauge

adanted solutions
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Motor (for hybrid electrical vehicule)
Ratings

= Max bus voltage : 500V

= Peak torque 1400 Nm

= Max speed 1 6000 rpm

= Peak power rating : 50 kW at 1200-1500 rpm
Motor characteristics

= 48 stator slots

= 3 phases wye connected

= 8 poles

= NdFeB magnet

= Lamination type M270-35A

= Outer diameter : 242 mm

= Stack length : 75 mm

adayled solutions
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Example 2: Minimize Magnet Weight

| IS ¢
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The machine: the real design

adanted solutions
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Our starting design: larger magnets,
deeper pole piece

adayled solutions
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Magnetic flux density /[ Vector in T
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TSOVAL_DOMATN
2.500

Z.400
2.300
2.200
Z.100
Z.000
1.900
1.800
1.700
1.&00
1.500
1.400
1.300
l.200
L.100
1.000
900.000E-3
000.000E-3
700.000E-3
EDD.000E-3
S00.000E-3
400.000E-3
300.000B-3
200.000E=-3
100.000E-3
0.000

40
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Screening: 6 Geometric Parameters

IPMHQ

N MAGWID-

adanted solutions
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Screening: 6+2 Parameters

4 [Parameter]: Edition o]

[Parameter]: Edition

BETAM BR GaMMA Y IPMHQ LM LWEB MAGWID WEB
’ ” » ” » » ” » ﬂ
Parameter| P Con... ~|[ P Con... -|[P Con... -J[* Con... ~|[P Con... ~|[P Con... -|[P Con.. ~|[P Con... -]

*Name|BETAM BR GAMMA IPMHQ LM LWEB MAGWID WEB
*Value| 150 115 45 15 5 2.75 50 10
* Interval: Minimum value|100 1.05 0 6 2 0.5 20 2
* Interval: Maximum value|155 1.2 85 20 12 8 50 12
Fixed [~ I r r r r r r

Physics
Parameters

validate Restore Close @ |

adayled solutions
L
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Box 64 Screening 8 Parameters

153 Log book (0) el E ]
Logbeok  Sheet
ScreeningAnalyzerl Execute 2012-02-
08_07h20mn26s
Effects
-125  -100 -75 -50 =25 o 25 50 75
LMY
MAGWID |
LWEBMAGWID 1
GAMMA _
LIWER |
LM*MAGWID L |
L SAMMATTPIHG L -
= BR*MAGWID =
il GAMMA*LM ]
IPMHOQ*MAGWID =
L BR*GAMMA
2: . .
s- GAMMA™*WEB =
=5- LM*LWEB B
g BR*WEB =7
E BETAM*LM =
-g W SF1_OB)_CSTR_ F1_OBJ_CSTR_1_1 |
r .I 7, CEDRAT 23
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Screening Results Box 64

Given the range of exploration set for each parameter:

= As expected LM and MAGWID are the key parameters
— we are trying to minimize weight,

= Br has little impact — within the range of exploration
= BETAM seems to have limited impact

The screening is run with only 5 parameters

Solutions evaluated during screening are the basis for the
final optimisation

adayled solutions
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First run: 5 Parameters

aiayted s lutions

%3 [Parameter]: Edition =]
[Parameter]: Edition
@ Man | @ ootions | [T] status |
NE2L BR GAMMA IPMHQ M LWEB MAGWID wes [
N\ # v » » ’ » » \*/ |-l
Parameter| P CON. = [[F ghn... [P Con... -][* Con... =[[® Con.. -[[F Con.. ~[[P Con... =[['F \onf' -]
* Mame|BETAM GAMMA PrrQ M LwEes macwio  [wes A
=value[120 15 45 15 s 2.75 50 0 f\
* Interval: Minimum value[100 /" [T o 3 2 0.5 20 =/ \
* Interval: Maximum value[155 / 12 \__ |85 B 2 s 50 \
Fived| [/ RN r r r r
4 A Y

Validate I Restore Close @ |

ConronaTIon

([ZI] 7 CEDRAT
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CoRrBANTION

Taguchi 16 Screening 5 par.

5 Log book (0)

=

Logbook Sheet

1. SF1_0BICS...
. SaeeningA...
11 5F2_F1 OB...

Factors

ScreeningAnalyzer2 Execute 2012-02-

LM*MAGWID
GAMMA
LM*LWEB
LWEB*MAGWID
IPMHQ*MAGWID
GAMMA™LM
GAMMA*LWEB
LWEB

LM

08_08h38mn22s
Effects

-20 -10 0 10 20 20 40 50 60
|
|

L]
|
L |
|
=
|
L

W SF2_F1_OBJ_CSTR_F1_OBJ_CSTR_1_1

7, CEDRAT
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Improved Design - 5 Parameters

adanted solutions
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Magnet Xsection Area

@ Init — 450 mm~2 @ Improved — 308 mm~2

adayled solutions
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Improved Design

=3 adapted sclutions
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e
DeS|gn DeS|gn | DeS|gn
BetaM eDeg
IPMHQ 15 13.3 10 mm
LM 9 5.6 5 mm
MagWid 50 55 54 mm
m X 450 308 270 mm~
MagWid
Lweb 2.75 1.3 2.75 mm
Web 10 10 10 mm
Gamma 45 52 45 eDeg
g: B 1.15 1.15 1.2 Tesla >
& Ave_Torque 413 401 390 N.m
E  Max_Torque 467 453 435 N.m
frl}(/ﬂ ,M?E;;rz:e 340 337 344 N.m
MAGSOFT /A \ 50

October 2012
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E
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20 |

4

2

150

“ e 100 +
@
S-
=
Z
s o
§L o 1 2 3 a 5 13
=
[}

7 ]

El w o

Retes Pesition in mech. deg.

Motor Torque at 1200 RPM - Optim2
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IPM Torque @ 1200 RPM

2
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Second run: 7 Parameters

£ [Parameter]: Display

==

[Parameter]: Display

BETAM GAMMA PMHQ M LWEB MAGWID WEB
X % % X % X [ -
Parameter| P Con... - |[P Con... ~|[P Con... -|[P Con... -[[P Con... ~|[P Con... -||P Con... -]
*Name |BETAM IGAMMA IPMHQ LM LWEB MAGWID WEB
*Value 140 35 15 s .75 50 10
* Interval: Minimum value| 100 o 6 2 L 20 2
= Interval: Maximum value|150 85 20 12 4 50 12
Fixed| [~ 5 || = || || =
=F =]
LE
E ok I Cancel | @ |
-}
=
o

17
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=3 adapted sclutions

@ Init — 450 mm~2

Magnet X-section Area

@ Improved — 264 mm~N2

53

Initial Improved Commercia | Units
DeS|gn Des. IDeS|gn

IT N ¥

BetaM eDeg
IPMHQ 15 11.5 10 mm
LM 9 6 5 mm
MagWwid 50 44 54 mm
X 450 264 270 mmAZ_ >
MagWid
Lweb 2.75 2.65 2.75 mm
Web 10 10.6 10 mm
Gamma 35 @ eDeg
E Br 1.15 1.15 12 Tesla
g Awe_Torque 413 402 390 N
f; Max_Torque 467 247 435 N.m
€ Min_Torque 340 361 344 N.m

17
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IPM Torque @ 1200 RPM

Motor Torque at 1200 RPM

NN N .

250 it
g == mproved

=dr=Prius2

6 7 B 9 10 11 12 13 14 15
Rotor Position in mech. deg.

7
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400.0008-3
300.0002-3
200.000=-3
100.000E-3
0.000
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0 Log bosk 21

Objective Function Convergence

Regbook Thast

_MeaoObg| |

adanted solutions
|

JERNT ([T ool | (1000 v00...| FLIWG VL. | [T CSTR,.. | [8ETAM, GaM.. |

musser  Heratioer=31, ndew=d, evaluation=0 35464664, paruemeters=] BETAM=10%, GAMMA=3, IPMHC=11.5, Lid=t, LWEB=2 64, MAGWID=4, WEB=104]
- .

T ) i

([ZI] 7 CEDRAT
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0 Log bosk 21
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PU Magnet Volume

Regbook Thast

FI_MAG_proL|

OAL fmanit=1000) PMLOFTBO[L... |

[T | [ picnccnys... [[FLIAEVOL] #1 s vkt | [Ten.com__ | [sETao, .|

musser  Heratioer=31, ndew=d, evaluation=0 35464664, paruemeters=] BETAM=10%, GAMMA=3, IPMHC=11.5, Lid=t, LWEB=2 64, MAGWID=4, WEB=104]
- .

T o

adapted solitions

fﬂ:il] 7, CEDRAT
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Evaluation of MagWid & LM

B tog ook O T o
Reghook Shast
PRI | | junconya .. | [F1seac von... [FLIAEVELI.] [Tem_com.__ | [o€Tam, caoL. |
o Teratiom=11, evaluation=0 $3406464, parameters={ BETAM=103, GAMMA=54, IPMMQ=11 4, LM=6, LWER=2 65, MAGWID=i4, WEB=1046]
MACWILY
-
=
=-
[l =8 ™
=1 proye—— T
§' P et —
=
=

([ZI] 7 CEDRAT

uuuuuuuuuuu
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1T N §

Torque Constraints
) Log besk 01 T
Legbask Thast
LTI | | pcrccnss...| (10080 VL. | FLers_vous.. [[TRCETI_] [sevans, oan. |
aommues Heraon=11, ndee=d, evaluation=0 55404064, parameters={ BETAM=10%, GAMMA=%, IPMHQ=115, LH'Q: LW.[B—_' 65, MAGWI D=, WE I!—l.ll ¢]
; g /
TMIN_CSTR I|
"\“‘. II'
/
4 |
b |
|
3
= N | tememy, Iteration
= R
5 PM_OPTR {18 evakatondsl} | £
5
[}
()
7 CEDRAT
MAGSOFT 7 60
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3 Log bosk s ) g
RLegbosk Thast
[ Morota... | [F1046 V0L | FLIWAG VOLE....| [Teoco._. [BETAMGRL..
!ai;:_‘_‘:!. Heratom=11, mdex=0, evaluation=0 S8466664, parameters={ BETAM=103, GAMMA=54, IPMMQ=115, LM=6, LWER=2 ¢4, MAGWID=44, WEB=104 )
w-
a.
= —
=
=. .
[l o Iberation
E <3 QAL fmandte 1000) PMOPTBOI(L... |
g promenmess =
=
-
"
%
N 7 ceorar ”
canramaTen

Optimization Induction Machine

Change the rotor bar material from aluminum to copper.

Change the rotor bar shape to keep the same lock rotor
torque as initial aluminum rotor bar.

adayled solutions

17
Eﬁ@ 7, CEDRAT s
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adanted solutions

17 N '§

Initial model

2
([::;l] 7 CEDRAT

63

RBRHEIGHT Rotor bar R

Rotor outer R: 2.19

adapted solitions

17
' 7, CEDRAT—EEAROR—

eaarenr | oommans— ] i |

Rotor bar bottom R 0.07 0.03 0.08

RBAROR Rotor bar outer R
RBARRAD1
RBARRAD2  Rotor bar up R

Parameter range

2.185 1.8 2.185

0.113 0.05 0.15

UNIT: inch
0.584 0.15 0.8

............. o

64
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e T J
E2 L [t
- Screening
) l:ﬁluls . )
§ o)) | ﬁ
= Box 8
eI || i
e | il E rRaRRanz I
] ARORREEIGHT ||
: o - Box 16
resnonrearrao2 | il
| rewre|
| sssmovenc: || . ™SR O0_oki2 1
g
%_ “ " ]
5 .
% L |
g} 'i'aguchi 9
7
fr[ﬁs;l] %CEDRA'I 65

. B8

Fixed RBAROR

Effects
BOX 8 or -4 -3 -2 -1 0 1 2
e |
o
¢ REARRADL T
i
o
=
2
L RBARRAD1*REARRADZ _
RBARRADZ*RERHEIGHT _
E.‘ *) —
§\ REARRAD1*RERHEIGHT _
E.
E
=
.

7
EGSJ] 7 CEDRAT 66
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21T WTW

Start optimization for lock rotor

Fixed RBAROR and RBARRAD1

Evaluation counts

adanted solutions

? [ .,..:P."—
([ﬁ:l] 7, CEDRAT pon

uuuuuuuuuuu

REARRADD

[

adapted solitions

7 i —— e
E::J] 7, CEDRAT pvs

uuuuuuuuuuu
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RBAROR

adapted $olutions

Rotor bar outer R
RBARRAD1 Rotor bar bottom R

RBARRAD2 Rotor bar up R

RBRHEIGHT Rotor bar R

21T WO

Parameter range

2.185
0.07

fixed

0.113 0.05 0.15 0.0618

0.584 0.15 0.8 0.222

—

 RBARRAD2

UNIT: inch

2
(Al 7, CEDRAT

69

adayled solutions

Geometry optimized for locked rotor

1T B ¥

condition

”~
Eﬁ@r 7, CEDRAT
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Currert demsity / Uector in A/m?

Curzent density / Wecter in Adm2

aiayted s lutions

W?w 7 CEDRA I.

ConronaTIon

71

.

Copper -
Aluminum
g /
= 20
= _neset | Py 202089 ey W TITEE]
7
W/w %.CEDRAI. 72
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sl«iT N '§

Optimization case2 multi objective

Decrease rotor yoke iron depth to make machine lighter.
Also keep the flux density in rotor yoke under saturation.
Add a parameter RBI (yoke iron depth)

adanted solutions

7
([ﬁ:j' 7, CEDRAT 73

adayled solutions

17
E@@ 7, CEDRAT 74
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adaied solutions

[ @ceors

uuuuuuuuuuu 1

75

MName of the compound path *

‘ COMPOUNDPATH_1

vakdity of the section : ¥ Section valkd
Type of section
[Pec defired by center, rachus and angies |

Coordnates system *

Comment

Definition \ Appearance \

[pove =]

{ Center uf arc | Ennessun

i

4

adaped soluions

ceordinate
Second coordnate
Mechanical set |m I |
ROT - Extremites around T Expression
rSections Sy & I
- s |
5 IRON Sectonlet <] _m |REARORRERFEIGHT-0.04 | |
Edit "
Always unaer the
Remove J I|L°T r yl 04-inch—
Move up J rﬁ‘ﬂl'
s ]
| y a rumber of interval '-|‘
G o [ wy J[ et [ @ I 5 i

m % SEORA

NECe O e I e [ @ ]

----------- 1

76
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adanted solutions

]

@ New 2D cum;(;! h)

Mame of 2D curve (Path) *

| max_bt

Comment

Spatial path *

| COMPOUNDPATH_1

Conductivity

Current density

Energy (volume density)
Lorentz force (volume density)
Magnetic field

Magnetic flux density
Permeability

Power (volume density)
Resistivity

Vector potential An

1/2 major axis [T]
1/2 minor axis [T]
Major axis direction [deg]

g r magnitude
Rootating vector direction (]
Mormal component [T]
[Tangential component [T]

Formula

ModT0(E)
Add al

Delete

Delete al

([:I] 7 CEDRAT

ConroRATION

7

adayled solutions

CoRrBANTION

Flux Density in Rotor Yoke

Magnetic flux density / Rotating vector magnitude (t=0)

Magnetic

flux density | Rotating vecto

Rgnitude (=0) (T)

F Y 4
E00.0E3 ﬂf
S00.0E-3 I i &
00,03 r 1 i
200.0E-3 n
f N\ ¥
200.0E-3 ‘ '
100.0E- "
'Y
Reset ‘ 2500E-3 SO00E3 7500E-3 100.0E-3 r A
78

EZ]] 7, CEDRAT
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adapted $olutions

2
(Al 7, CEDRAT

~l«l1IT H°§

Bmag Distribution after Optimization

4 ISOVEL N0 INFINITE
1.000

. S41.176E-3
-353E-3
-528E-3
- TOEE-3
.BHIE-3
-058E-3
.235E-3
-41ZE-3
. 50BE-3
- TESE-3
.941E-3
-11BE-3
.284E-3
-471E-3
-E47E-3
.B24E-3
-0oo

79

#! Flux2D 11.1

CurveVariation2D[ALL].delete()

CurveSpatial2D[ALL].delete()

startMacroTransaction()
ComputePhysicTransient['ComputePhysic'].storageName='"ComputePhysic_1"'
ComputePhysicTransient['ComputePhysic'].formula=[ TorqueElecMag(ROT)’]
endMacroTransaction()

VariationParameter[ TORQUE'].formula=['TorqueElecMag(ROT)]

SpatialCurve(name="'Flux_den_RBI',
compoundPath=CompoundPath[COMPOUNDPATH_11,

formula=ModTO(B)')

BIB=CurveVariation2D['Flux_den_RBI'].y[0].maximalValues[0]
VariationParameter['BT'].formula=str(BIB)

!

1T B ¥

Py FILE

You must create path and keep
it before generate .F2G file

You can't create path in
optimization.

Set BT as the max value on the

7 back i h
Eﬁ@  CEDRAT ack iron pat

80
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Rotor bar up

m

S ke o

nnnnnnnnnnn

RBARRAD2  © 0.113 0.05 0.15 0.0618
RBRHEIGHT Rotor bar R 0.584 0.15 0.8 0.222
RBI ROl DEELS 03 02 07 0.239
iron depth
UNIT: inch
g
g
@
?/
fr[ﬁs;l] 7, CEDRAT —

1. the same lock rotor torque.

i | @ Optionsl m Statusl

2. decrease the rotor back iron depth

o e e e
— -

Optimization problem: Edition

Objective functions

Optimization problem IDP Standard constrained problem

=l 4|

*Name [OP1

* Objectives [[083_RB, OBJ T]

Inequality constraints |[ BT_MAX ]

Equality constraints I[ 1

adapted solitions

LRSS
55454

'@@ 7, CEDRAT

uuuuuuuuuuu
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Add constraints

= =
i3 Optimization problem: Edition u

-

adanted solutions

Optimization problem: Edition
| @ Opﬁcnsl m smms|

Optimization problem IUP Standard constrained problem Vl &

*Name [OP1 |

* Objectives |[ OBJ_RB, OB1_T]

&

&

Inequality constraints I[ BT_MAX ]

&

i3
i3
S

Equality constraints |[ ] &P

Function: Editon
oMam | & Dphonsl m Siatusl

Function | F Formula -

=Name |5"r_MAx

*Expression [(BT-1.5)/1.5

ssls

([:I] 7, CEDRAT

uuuuuuuuuuu
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uuuuuuuuuuu

g | ..

2

g‘l | Reser | 20083 B000E 3 TR0 4 L &
’f

([Q] 7, CEDRAT ”
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Change the rotor bar material from aluminum to copper.

Change the rotor bar shape to keep the same lock rotor
torgue as initial aluminum rotor bar.

adanted sohtions

m 7, CEDRAT

uuuuuuuuuuu 1

86

43



GOT-It - Optimization with Flux October 2012

21T WK

1st Initial model Parameter range

Rotor bar slot

CAGEL_SD_R 1.4 04 15 0.402
depth
CAGEL_TW_R Rotor tooth width 0.25 0.2 0.3 0%63
@ Copper resistivity: 2.2e-8
s
I§.‘
SA
?/
([GSJ] 7, CEDRAT —

Lock rotor torque 426.317 Nm

adapted solitions

17
E:;J] 7, CEDRAT —
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1T N ¥

|||| Teeratiom =117, mudeel), evalwabion =7 B34 FLE-6, parameters-[ CAGED S0 RS040, CAGEL TW _R=0 2638 ]

117 iteration then interrupt

om

adanted solutions

- P - ura
fr[::;l] 7, CEDRAT 89

Torque - slip

adayled solutions

17
ﬁi‘] 7, CEDRAT 20
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adanted solutions

Alu
rated
slip = 0.0175

cop
slip = 0.0175

cop
slip = 0.0213

The same torque

2
M 7, CEDRAT

1T WK

Power balance

input speed(rp

power -48677.98m) 1768.5
stator loss 1592.90[T (Nm) 248.581
rotor loss 725.86[Pout 46036.4273]
total loss 2494 .53Eff 0.9486
power diff -147.02

Hiff 0/ -0 0N2N20297!

input speed(rp

power -39990.71m) 1768.5
stator loss 1031.53T (Nm) 205.1822
rotor loss 644.19Pout 37999.1047
total loss 1872.67Eff 0.95303
power diff -118.94

diff % 0.002974194

input speed(rp

power -48180.67|m) 1761.66)
istator loss 1405.64T (Nm) 246.709
rotor loss 941 .42[Pout 45513.0253]
total loss 2544.01Eff 0.94706
power diff -123.64

diff % 0.002566

91

adayled solutions

17
Eﬁ@r 7, CEDRAT

-

RBI

1T H°¥

Change rotor model

RB1

(g

SDRB

RB2

92
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adanted solutions

2nd optimization for
locked rotor torque

2
M 7 CEDRAT

93

1T N0E

Parameter range 8 iteration interrupt

RB1

RB2

SDRB

Rotor bar top radius 0.143 0.06 0.17 0.0912

Rot_or bar bottom 005 001 0.11 0.0294
radius 4
Rotor bar slot depth 1'263 0.1 1.3 0.803

adayled solutions

Torque - 426.184 Nm only
0.13 Nm difference with Alu
for 9-hr solving period time

Copper resistivity: 2.2e-8

17
Eﬁ@r 7, CEDRAT

94
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adanted solutions

7
([ﬁ:j' 7, CEDRAT pos

Torque - slip

SUPERIMPOSITIONCURVE

I

2600E3 WOCED TBO0E3 SUIP( S ELPIY

adayled solutions

17
Eﬁ@ 7, CEDRAT —
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1T Wi
> \
Power balance
input
Alu power -48677.98|speed(rpm) 1768.5
rated stator loss 1592.90[T (Nm) 248.581
lio = rotor loss 725.86[Pout 46036.4273
slip = 0.0175  j5tal loss 2494.53Eff 0.9486)
power diff -147.02|Rotor bar area(mm?2) (each) 173.8,
0.00302029
diff % 7|Rotor iron area(mm2) (1/4) 4446
cop -
slip = 0.0175 InPut
power -48384.68speed(rpm) 1768.5
stator loss 1435.74T (Nm) 247.0765
w-. rotor loss 765.86Pout 45757.7986
5 total loss 2397.72Eff 0.95021
%- power diff -229.16Rotor bar area(mm2) (each) 73.1
2 0.0047362
E‘ diff % 83Rotor iron area(mm2) (1/4) 5607
[}
W?/w %, CEDRAT
Macsorr \ZZ o

adayled solutions

3'd optimization for
rated speed rotor torque

17
E@@ 7, CEDRAT

98
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1T E°¥

Parameter range

RB1 Rotor bar top radius fixed 0.0912
RB2 Rot_or bar bottom 0.0294 001 011 0.1031
radius 4

SDRB Rotor bar slot depth 0.803 0.1 1.3 1.19
RBI Rotor back iron 13 07 2 0.424

@ depth

S Torque — 248.524 Nm only

2 0.057 Nm difference with Alu

S.

(?W Copper resistivity: 2.2e-8

W m 7, CEDRAT 99

#! Flux2D 11.1
CurveVariation2D[ALL].delete()
CurveSpatial2D[ALL].delete()
startMacroTransaction()
ComputePhysicTransient['ComputePhysic'].storageName='"ComputePhysic_1"'
ComputePhysicTransient['ComputePhysic'].formula=[ TorqueElecMag(ROT)’]
endMacroTransaction()

VariationParameter[ TORQUE'].formula=['TorqueElecMag(ROT)]

1T E°¥

Py FILE

SpatialCurve(name="'Flux_den_RBI',

compoundPath=CompoundPathCOMPOUNDPATH_11,
formula=['ModT0(B)])

You must create path and keep
it before generate .F2G file

You can't create path in
optimization.

adayled solutions

17
W’/W 7, CEDRAT >

BIB=CurveVariation2D['Flux_den_RBI'].y[0].maximalValues[0]
VariationParameter['BT'].formula=str(BIB)

»Set BT as the maxvalue on-the

back iron path

October 2012
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1. the same rated speed torque.

?Z} Optimization problem: Edition

Optimization problem: Edition

i @ Optionsl m Statusl

Obj functions

Optimization problem IDP Standard constrained problem

=l 4|

*Name [OP1

* Objectives [[083_RB, OBJ T]

Inequality constraints |[ BT_MAX ]

Equality constraints I[ 1

adanted solutions

([:I] 7, CEDRAT

uuuuuuuuuuu

101

?:} Optimization problem: Edition

Optimization problem: Edition

| @ Optionsl m Siah.lsl

Add constraints

=

Optimization problem IDP Standard constrained problem hd | @l
*Name [OP1 @'
= Objectives |[ OB1_RB, OB)_T] @| 3 |
Inequality constraints |[BT_MAX] @l 13 |
Equality constraints |[ ] @
7} Function: Edition
g I . , Function: Edition
= [Q ]| @ osters| ] state |
k]
8: Function | ¥ Formuia |
&
= *Name |BT,MAx
]

= Expression |(ET-1. 5)/15

EZI] 7, CEDRAT

uuuuuuuuuuu
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17 N '§

Optimization algorithm - GMGA
for multi-ob).

l%_!{)ptimization algorithm: Edition x|

Optimization algorithm: Edition
S~
— -k

* Name [0A1 ﬁl

}%_}Optimization algorithm: Edition |

Optimization algorithm: Edition

@ o T oo

Max generation I[ZDD

Y

Population size |100

adanted solutions

7
([ﬁ:l] 7, CEDRAT —

(3 Leg bosk
Logbaok Sheet
7. &1 Evecute.. || T Monot®il ... | [cea_pm, 0., | fomyioe..| (o7 maxXr..| [rez. Ao, .|
i3 01 Gusaute g i
s 2, inde=i, 193301, p { RE3=01091, RBI=115, SDRE=0434]
Mosolh|

B 1) Treration

Ol fnaxbezng) CPTDEI0 RATIE.. |

comes pares o) [ 0]

adapted solitions

104

. .
E:J] 7, CEDRAT
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aiayted s lutions

uuuuuuuuuuu

([:I] 7, CEDRAT

0 Log bock
Leg ook Shuet

E. Ol Cotnte...

[ Moot .. | TOBLREL 60 | [omof Joa... | [BF M), | [ i, i, . |
142, milese=i, vl

s )

1.1933019, p { RE2=0.1031, RE[=1.19, SDRE=0.424 |

OBI_REBI

[T\

[Rarmians 65
Cudisuvte= LT6TTI68

B

Iteratice e

041 {nanltmzngh OPTOS0_RATEE... |

oeesn PATED (58 evsbustiondst [N Stee|

105

adapted solitions

uuuuuuuuuuu

fﬂ:il] 7, CEDRAT

TSI B

5 Log book

Legbook Shest

BT Exect | morooky .. | (o83 pet, ... [[SBLYNOE| (or_pase)... | (rec, na, .. |

TR |

wersws M 14, 1933019, { RB2=0 1031, RBl=11%, SDRB=0434 |
| oBr_T |
| ° =, o
o 4 & L
3 7 o [OBFE= nanE ..
" 001 Ta H181244 n

FEE .

OBJ_RBI 1

| 081 (masRmznn) OFTES30_RATED...

OPTIE30_RATED (53 evahapionis})

LB 2

106
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T tog ok 10 T——cTr——
Logback Sheet
Pl O1 Execute. [ Menodbil ... | [0BIRBL &, | [oBLT Yoe.., [TETRRRC] (nez, nar, ... |
TETETTE ) ., ndex={l, 1933018, s=| RB2=0 1031, RBI=1 19, SDRE=0424 |
#E
BT_MAX = - i \ /
W

oML g,

lterstion

DAl {mataznt) OFTER_RATLD... |

adanted solutions

oot At (st makacontsl) [ (¢

([:I] %CEDRA-I

uuuuuuuuuuu
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Log baak|

| Logbact snest

L QiExecute. . | [ Moot ... | [ORIF, 0., | [ORO_T NoO... | [o7_pax ). [TRELFH, ..

w ! 142, milea=t, 1933013, { RB2=0.1031, RBI=1.15, SDRB=0.424 ]
RBZ
§' SDRE
— i
E" | o o Tteration o
g | PR ——
= f oroun_raten o evsusoenlsn) I ¢ 2

7z
,@Ql 7, CEDRAT

uuuuuuuuuuu
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adanted solutions

7
([ﬁ:l] 7, CEDRAT —

Magnetic flux density / Rotating vector maggjtude (t=0) (T)
+ !
| N
1250E0—
v/ A IV IN TN S

Es P sEEvaeE

£00.0E

2500

v

Reset | 35 DOE-3 5000E-3 7500E-3 100.0E-3 AE

sntties | Values | Axis ' Creation context |

TRATOTET
LBS_CURV_COMPOUNDPATH 1
Interval = 0.11657 (0, D.1lE969538429113)
Minimal walue = D.255793708838501

adayled solutions

Maxinal value = 1.49748483985052
= 1.033821

7 Mean value
{“@ﬁ:;l?! %CEDRA] "
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TEO0ED

H00E

danted s lutions

Co lock rotor torque :370.428 Nm

BCONm
® sy

4

EL T SLIPM] 1 SLP[3)

((/ .
([ﬁj. %!:UEI%)RCA(] rotor torque : 426.314 Nm

111

=IT TiW
> }
Power balance
input
Alu power -48677.98|speed(rpm) 1768.5
ted stator loss 1592.90[T (Nm) 248.581
rated rotor loss 725.86]Pout 46036.4273
slip = 0.0175  li51al loss 2494.53[Eff 0.9486
power diff -147.02|Rotor bar area(mm?2) (each) 173.8
0.00302029
diff % 7|Rotor iron area(mm?2) (1/4) 4446
cop -
slip = 0.0175 nput
power -48661.38speed(rpm) 1768.5
stator loss 1448.37T (Nm) 248.524
rotor loss 769.87Pout 46025.8711
E: total loss 2414 .33Eff 0.95015
%f power diff -221.19Rotor bar area(mm2) (each) 73.5
= 0.0045453
s" diff % 96 Rotor iron area(mm2) (1/4) 4232
k]
[}
W?w Y CEDRAT
Massorr \ZZ 12
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Flux density between1 Tand 2 T
at lock rotor

adaied solutions

([Zl] 7, CEDRAT ‘I — —

nnnnnnnnnnn

Flux density between1 Tand 2 T
at rated speed

i

amed solutions

K:J] 7, CEDRAT ™
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230.
Z18.
207.
186.
184,
173.
16l.

Vector in Afm2

i

—
wn
=}

5 138,

i
=
=)
(S

lo4.

al.
70.
58.
47.

Cuzrremt densit;
L0
o

adaied solutions

ConronaTIon

7
700EE
2BTEE
873EE
4E0EE
04EEE
E33EE
219E6
B0EEE

-392E6

979EE

-9E635E6
-151E6

738EE

-324E6

S11EE
457EE
0B4EE
E70EE

fj. 7, CEDRAT

i

amed solutions

CoRrBANTION

Wﬂ 7, CEDRAT

our modelling solutions

www.magsoft-flux.com

Thank you for your interest in

Philippe.Wendling@magsoft-flux.com

Tan.Pham@magsoft-flux.com
Heide.Lewis@magsoft-flux.com
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