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OUTLINE

Two optimization workflow are available in HyperStudy

« Optimization based on fit functions

 Direct optimization method

Design of experiments (DOE)
analysis
Fit function computation

Optimization process
Optimization verification Direct optimization

Stochastic study and reliability
test

2 2\ ALTAIR



OPTIMIZATION BASED ON
FIT FUNCTIONS

J\ ALTAIR



DESIGN OF EXPERIMENTS
(DOE) ANALYSIS

J\ ALTAIR



DOE analysis Optimization Optimization Reliability
Y process verification analysis © Altair Engineering, Inc. Proprietary and Confidential. All rights reserved.

DESIGN OF EXPERIMENTS (DOE) ANALYSIS

DOE analysis initialization

* Add a new DOE analysis

Right click on the project
1 “MDO_MOTOR_STUDY”,
click on [Add]

Select the type as “DOE”, a o
click on [OK] o
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- Sample design space
- Discover data patterns
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DOE analysis initialization

» Verify model definitions

Click on [DOE 1] — [Definition] = e & o i e [ o

1

— [Test Models] ., [ e e | o,
) o -ougdgxrm;-wu 1‘ Active V“‘nu ?“ omuom“ = @;"‘w Resource = Sequence
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DESIGN OF EXPERIMENTS (DOE) ANALYSIS

DOE analysis initialization

1

2

Verify output responses

Click on [DOE 1] — [Definition] - =

fo Oroctoy [ AR —
= f MDO_EMOTOR STUDY

— [Define Output Responses] g 5 ¢ M
- up
» & Defntion Active. Varname
g e
H ) Define input Varibles = =] MAGNET_LOSSES OPERATING PONT_B_. 29
Verify all the output values & oo ® 8 wemcmsenconc o
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- Iy DOE1 = @ MAHET_|08SES_OPERATING POINT_24_ 132
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[y (Y =] T.con 3
© Post Pracessing m =] TMAGIA )
© Fapon Hr =2 TMAG_ 1A SVM o
i =] TMAG 18 o
ile [=] TMAG_18.5vM 2
fla =] TMAGIC -
- TMAG_IC_SVM 4
a5 = T.MAG2A 45
&% 1= T.MAG_24 SYM 46
a = T.MAG28 47
&% =] T.MAG_28_SYM 48
- = TMAGC 4
= 1= TMAG_2C_SYM 50
51 = T_ROTOR_YOKE 5
52 =] T_STATOR_YOKE 52
53 = TORQUE_BASE_SPEED RIPFLE 53
5 =] HAX_MACHET_TEMPERATLRE 54
55 =] OUTRUT_HYPERMESH_MODEL 55
L] 1= MECHAMICAL_STRESS_MAX 56
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DOE analysis evaluation

« Specify the DOE analysis

C|ICk on [DOE 1] = % Ewe  fo Drectoy [l Spectatins ] uncontroted Speciatons (5]
[Specification] T A o e .
* & osion ose [ Yo Deain
© Detne Mol .
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Define the “Number of Runs” g
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Attention:
Please define a number of run greater
than or equal to this recommended value.
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DESIGN OF EXPERIMENTS (DOE) ANALYSIS

DOE analysis evaluation

* Evaluate DOE tasks

1 Click on [DOE 1] — [Evaluate]

79 Ewlre o Drectory

- 4 MDO_EMCTOR_STUDY
. & Define Madels
2 increase the number of S
) Define input Varisbles

Click on [Multi-Execution] to " e
&) Define input Visisbles
& Test Models
parallel computation Y ?:;;;&; »
$ veremmanaes

3 Click on [Evaluate Tasks]

Note:
The project is solved in a computation server.
RAM of the server is 192 Gb.

With the following information:
Number of Runs: 608
Number of multi-excution: 10

Computation time is 25 hours —

[# evauation Tasks Eabation Data |, Ewluaton Pot |5 Evakation Scatter [}
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‘ Multi-Execution - 4
e

Execution of concurrent tasks.
Flux slows down using Multi-Execution.

[ Shomin Expuer

E 1obs —

wirae Execute Extact Comement

Attention: the multi- executlgn num'belr:
depends on the computer system Each
execution need at least 15 G of RAM.
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DESIGN OF EXPERIMENTS (DOE) ANALYSIS

Evaluate tasks in DOE analysis
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Applications  Help
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DESIGN OF EXPERIMENTS (DOE) ANALYSIS

DOE analysis evaluation

11

* View DOE analysis results

Click on [Evaluation Data] to see all the evaluated
combinations of input values and the results

¥ Evaluation Tasks | Evaluation Data |@‘ Evaluation Plot |6 Evaluation Scatter
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DOE analysis evaluation

* View DOE analysis results

Click on [Evaluation Plot] to plot the curves of
parameters during the evaluation task

(4 Evaluation Tasks Evaluation Data | |/, Evakuation Plot | |6 Evaluation Scatter

1 =
Magnet::TM1A (mm) MultiExecution - 4 _ D =

| ———— Magnet::TM2A (mm)
= Magnet::T2A (mm)
m)

Magnet::TM18 (mm)
| ————Magnet::TM28 (mm)

G
E LE« CTRL_ANGLE
24| 'Fe 1RMs
B
25| J« speeD
26| F¢ IM_R_HOLE
27 e M A

200 250 300 350 400 Channel
Evaluation Index E

12 " :
@ sor @B elateTasks ‘ € o e W) A ALTAI R



: Optimization Optimization Reliabilit
© Altair Engineering, Inc. Proprietary and Confidential. All rights reserved.

DOE analysis evaluation

* View DOE analysis results

Click on [Evaluation Scatter] to plot the related curve
between two evaluated parameters
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DESIGN OF EXPERIMENTS (DOE) ANALYSIS

DOE analysis post-processing

14

1

Click on [Post-Processing] in
the [DOE 1] model

Use the HyperStudy function
to analyze the DOE results
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Initialization for fit function computation

* Add a new fit function analysis

e | rcion R

Right click on the project
1 “MDO_MOTOR_STUDY”,
click on [Add]

Select the type as “Fit”,
click on [OK]

o Add - Altair HyperStudy™ (20.1661038)

Label:
Varname: [Fe_

Defiton from: | ' Setup

- Create predictive models

Select Type
@ DOE - Explore trade-offs
@m LLLLL e e s vau
1 1 newss O o
2.0 B resose ] [u]
E 3 1 (e [u] o
Optimizatien & o s - o
it I o [] [)
I+ rout | e | o
- T ieoe 1 2002740 o o P
Stochastic . . .
- . £4DO_EMGTOR STUDY Enors: 0 Waminge:3 ot Detsut
=T -
3 § ooty H
Basi = % . .
ok
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DI EEDEEDETD
FIT FUNCTION COMPUTATION

Initialization for fit function computation

 Define mput matrix

Click on [Fit 1] —
[Select Matrices]

2 Click on [Add Matrix]

Select “DOE 1” as the
Matrix Source

1

3

4 Click on [Import Matrix]

17
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Exioer 7 Drectory
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Initialization for fit function computation

» Verify model definitions

1 Click on [Fit 1] — [Definition] — = s & o Ry
[Test Models] i e T P p———
. B -QdE:::‘““‘; N i T w G [ G || G [ a [ W roe o1 vorem s B
Click on [Run Definition] to gr : e i o = T :
2 verify the models before o e o m é;‘;:w
computing fit functions S e

[—E Ty -
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Optimization
process

FIT FUNCTION COMPUTATION

Initialization for fit function computation

Optimization
verification

DOE analysis

« Define fit function setting

Action

Reliability
analysis

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

[Specifications] ~ @ 5w

© Otine Moseis
@ Dctinenpus Vsibles

Click on [Apply] to confirm the & i

© Define Output Responses

fit function setting g &
|7

@ Define Models
© Detine inpt Virables
@ TestModels
@ Define Output Responses
@ Specticstions =
© et
@ pestProcessng o
@ Repont 12
v b Fitt e
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) Define Models: 1
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@ TestModeis

™ Evate 2
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‘Apply Parametess and Create Design Matrs

19

Click on [Fit 1] - % cone 2 mam ot | 7 e B8

e F Spacics

- Ft Automaticaly Selected by Yining LSR / MLSM / REF

Tining LSR/ MLSM / REF

Taining LSR/ MLSM/ REF
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Selected by Vaiing LS8/ MUSM/ 788
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Tining LSR / MLSM / REF
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N
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Taining LSR/ MLSM / REF
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- Fit Automaticaly Selected by Weining LSR / MLSM / RBF
- Ft Automaticaly Selected by Taning LSR / MLSM / RBF

Fit Automatical Selected by ainina. LS8/ MLSM / REE

L3 secnos fO Regression Tems

L dm s e )

: 453 Warmings: 1846 Profie: Default
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Optimization
process

DOE analysis

FIT FUNCTION COMPUTATION

Fit function computation process

* Evaluate tasks

1 Click on [Evaluate]

Click on [Evaluate Tasks] to
compute fit functions

20

Optimization
verification
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FIT FUNCTION COMPUTATION

Fit function computation process

Click on [Fit 1] — [Post-
Processing]

21

1

Post-processing

Use the HyperStudy function
to analyze the fit function
computation results
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Fit function computation process

» Post-processing

Use the [Diagnostic] function = &« & s T vern [ e [ e I b 2 s

& resn 0 Tadecr [

1 I h f f . + f MDO EMOTOR STUDY =
to analyze the fit function - 0 sewp =
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- &0t ine Output Responses 4B e et Mechamicsitargue () A 158
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Note: if the value is closer to 1, the more accurate is the Fit function obtained.
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Optimization initialization

* Add a new optimization application

Right click on the project
1 “MDO_MOTOR_STUDY”,
click on [Add]

Select the type as

2 “Optimization”, click on [OK]

& Add - Altair HyperStudy™ (20.1661028)

Varname: [opt_t

Definiton from: | Setup & ol inpus Varisbles

Select Type & TestMoseis

@ Define Cutput Respories
- - Define requirements @ Spesifiations
@ oe - Establish peak performance © Eolume
& PostProcesing
& Repenr

- e

= H - v WP
Stochastc d e 0 ®
I R /MDO_EMOTGR_STUDY Enmor: 0 Wamings: 8 Monle Defautt
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process

OPTIMIZATION PROCESS

Optimization initialization

* Link to fit function results

Click on [Optimization 1] —
1 [Definition] — [Define output
Responses]

Click on [Evaluate From] to
select all the output responses

Click on [Evaluate from Fit
Model] — [Fit 1] to link the
optimization with the fit
functions
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Optimization initialization

« Define optimization goals and constraints

C|ICk on % Ewe  fo Drectoy e Detoe output Resporses | (5] Data Sources V. coatents
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Optimization initialization

« Define optimization goals and constraints

MOd_ify the goals ar‘d MaxPowerBaseSpeed  goal_1  Base speed::Mechanical power (W) (r_6) Maximize
1 constraints as shown in the
following table MinRotorMass goal_2 Masses::Rotor (kg) (r_1) Minimize

TorqueBassSpeed  constraint_3 Base speed::Mechanical torque (N.m) (r_4 ) Constraint >= 180
PowerBassSpeed constraint_4 Base speed::Mechanical power (W) (r_6) Constraint >= 140000
TemperatureWinding constraint_5 T_COIL (r_38) Constraint <= 180
TorqueBassSpeedRipple constraint_ 6 TORQUE_BASE_SPEED_RIPPLE (r_53) Constraint <= 29
TempMagnetMax constraint_7 MAX_MAGNET_TEMPERATURE (r_54) Constraint <= 100

MechanicalStress constraint. 8 MECHANICAL_STRESS MAX (r_56) Constraint <= 400
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Optimization initialization

» Verify model definition

1 Click on [Optimization 1] — b e s e B oo @ e B

[Definition] — [Test Models] i S it | s, W

) o T G - RN TN I L =

Click on [Run Definition] to gt b G B> p

2 verify the models before "N =t DAl
running optimization process S
3 Click on [OK]
= o e
o Altair HyperStudy™ X :E iﬂl ' :

All Responses based on solvers are inactive, Tasks "Write' and 'Execute’ will be
skipped.

@ Buaomse  Amma ww
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Optimization initialization

« Define optimization setting

1 Click on [Specifications] zj:w e oo TP—_
2 Select “MOGA” algorithm "% _ T -
e 1 o e et
3 Define the “Maximum pS— R e S R
Iteration” number 0
4 Click on [Apply] °

0 senas L3 o

-‘MW W o s W

gors: 458 Wamings: 1547 Prafie: Defaull

Amply Paramstess and Create Design Matrix

Note: The Multi Objective Generic Algorithm is a suitable method

for the optimization problem based on fit functions.
29
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OPTIMIZATION PROCESS

Optimization evaluation

30

1
2

Evaluate tasks for the optimization problem

Click on [Evaluate]

Click on [Evaluate Tasks]

= f MDO_EMOTOR STUDY
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pooooof
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& Tzt
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ey
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Evahuste Tasks Emars: 1 Wiamings 3 Frotse: Detsut

Note: The optimization problem based on fit functions will cost just 15 minutes.
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OPTIMIZATION PROCESS

Optimization evaluation

1

Verify iteration convergence during the optimization process

Click on [Iteration Plot]

% oo B5 oracoy

v f MDO_EMOTOR STUDY

© Altair Engineering, Inc. Proprietary and Confidential. All rights reserved.
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Optimization post-processing

* Plot optimal curve

1 Click on [Post-Processing] e T v s o s 8 s ([ ]

= f MDO_EMOTOR STUDY LansEH0s

Click on [Optimal] to see all oo ] ' @
electric motor

s [P —
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Select the Goal
“MinRotorMass”

Select the Goal
“MaxPowerBaseSpeed”

168 | PoweBassSpeed
169 | enpuatmavading
1 | TorqueBassSpeedipple

3
LS
+ ey Optimization 1 :.
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€ Define Models ‘
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Verification initialization

* Add a new verification

Right click on the project i e B o o saven 5 wane 8
1 *‘MDO_MOTOR_STUDY", e
click on [Add]

Select the type as
“Verification”, click on [OK]

' Add - Altair HyperStudy™ (20.1661088)

€ Defne inpus isisbles
& Tet Motz

€ Detine Outpul Fesporses
- Verify predictive models ® Spectications

- Test predicted optima © tuaute

& Postrocessing
@ Repont
= ey Optimization 1
~ & Dafintion
© Define Mael:
© Detineinput Vcities

© Post-Procesing

& Repor 4 sk e WP
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Verification specification

« Define verification mode and original value

Click on [Verification 1] — b e s e i oo
[Specification] vl n _ s
o e . @

Mode

o] 38 NeibyPoints _ Verfyoints
® 25 ety Optimal _VeriyOptimal
Q

L8 ity Tode-oft VerktyTadeOtt

1

Select the verification mode g k
as “Verify Optimal” o =

Verify if the value is from the -G
“Optimization 1” T

4 Click on [Apply] e

 legg Optimization 1
& Defintion
© Define Mool
) Define inpus esobles
& Tet Motz
© Detine Output Fesporses
® Spectications

X settrgs

@R ooy - e
9. e
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OPTIMIZATION VERIFICATION

Verification evaluation

36

1

3

Evaluate the verification tasks

Click on [Verification 1] —
[Evaluate]

Click on [Multi-Execution] to define

the multi-execution number

Click on [Evaluate Tasks]

% Ewee o Drectoy
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Verification post-processing

* Plot the optimization curve with verification values

o @

1 Click on [Verification 1] — el P ol L [
) g vartmpare
[Post-Processing] ot . -
- i o - o 7 (o e,
; T e — : t° ol S
2 Click on [Delta Scatter] S ey 1 . s e
&) Define Outpant Responses .. fie Masses-Rotor-Magnets (gl
. © speciications - m "x Masses-Rotr e cireuit
3 Select the variable 109 gl e i T
© Repon . 113 2 Base speed:Speed rpm)
“Masses: Rotor” " e W e
v & Detntio §mx-= . e
. & Define Models = | .
4 Select the variable 114 “Base & s it R O =
. & Detine Output Responses HE s -
speed: Mechanical power” & it gm X .
—" = : S
~ Iy Optimization 1 e b ;:“W
e - T
9? DO s e T,." 116, . Base speet:Cortrol ange (deg)
g e
- fanaany * 15 3 e et
v [l verification 1 i i meect-Machi
¥ & Defirition R i o s s e am Wl o
4 pock v W
=
7 MDO_EMOTOR_STUD' / Vesification 1 | Verify Gpti luations |/ Pust-Processing Emaes:0 Wamings: 0 Profie: Defautt

Note: The difference between original results from the optimization base on fit
function and the verification results is about 0.7%.
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Verified optimization results

* Global optimal results

1.430E+05 ®  5ase speed:Mechanical pawer (W) - Orignal
@ Base speed::Mechanical power (W) - Verification
1.425E+05° . ..
L ]
-
. o0
.
.
a B S P U
Global optimal point
B i i T i H
| e e
; il
L405E405 .
e ] -—
Objective power
ee

LI L]
1.395E+05° b

' e
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Verified optimization results

» Global optimal results comparison

Original | Verified o leferefr_\%e |
etween verified value
IS value and original value)

Mechanical power at base point / W 137818 140854.7 2.20%
Rotor mass / kg 4.96 4.85 -2.31%
Mechanical torque at base point / N*m 184.21 181.43 -1.51%
Mechanical torque ripple at base point / N*m 43.11 34.78 -19.33%
Winding temperature / °C 151.01 159.37 5.54%
Magnet temperature / °C 46.75 46.11 -1.36%
Mechanical stress / MPa 450.79 390.80 -13.31%
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Verified optimization results

* Global optimal results

Initial Design Optimal Design
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Verified optimization: local optimization results for each goal and constraints

Maximum Maximum
Torque‘ ’ Power

~ -

Minimum Magnet
N Temperature

Minimum
Torque Ripple

Initial Design

Minimum Coll
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41 Stress Minimum Temperature /\ ALTAIR
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Verified optimization: local optimization results for each goal and constraints

« Local optimal results

Original Local optimal |Local optimal | Local optimal | Local optimal
value point 1 point 2 point 3 point 4

Mechanical power at base point / W 137817.95 139299.49 139818.81 140356.21 140378.62
Rotor mass / kg 4.96 4.83 4.83 4.84 4.84
Mechanical torque at base point / N*m 184.21 182.36 181.77 181.56 181.57
Mechanical torque ripple at base point / N*m 43.11 34.59 34.99 34.19 34.26
Winding temperature / °C 151.01 158.04 159.07 159.23 159.22
Magnet temperature / °C 46.75 46.20 46.13 46.10 46.09
Mechanical stress / MPa 450.79 394.00 373.40 389.73 378.40
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Stochastic study initialization

* Add a new stochastic test

Right click on the project
1 “MDO_MOTOR_STUDY”,
click on [Add]

Select the type as
“Stochastic”, click on [OK]

- Quantify uncertainty
- Study reliability

J\ ALTAIR
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; Optimization Optimization Reliability

STOCHASTIC STUDY AND RELIABILITY TEST

Stochastic study initialization

» Select the “optimal” point

Click on [Verification 1] —

1 . e
[Post-processing] T o
5 Select an optimal point in the o Il .
optimization curve - R~
aewd
. ] g
3 In this case, the index of the -
optimal point is 27 I
p—— Tl L
¢ A
S
5:‘:2‘?"“': e N
o?;:nmﬂ:p'nhmu 476875 a7 480561 2504 4ga3a [ e 91720 45554 4507 ¥
& e O oy
ehw" 0 Wamings: 0 Profie: Detault
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Reliability
EQEWAI

DOE analysis © Altair Engineering, Inc. Proprietary and Confidential. All rights reserved.

« Copy the geometric values of the

optimal

46

1 Click on [Summary] i e o ooy 2 e | B s || ooasns 1 e
. s e e I T Sy -
Select all the 22 geometric - ol e e ia
2 Y e swnen e oMU Imow e LI AR g et by 27sazse T e \
B izoon | owon—[wsben | isens 1w | o tamim e e N o
parameters @ sue oo s oo v e e (R | e e
S [ azomi  ewwen  ownwes  asoes emsn ueme s SR ss 27 41+ Mgnera o)
& Post-Processng | 17ewn  miETM GmSIM2 0360TME LSSI0TMS AESMSS4 14805641 13921085 T 27ass 5| [T+ Magnetzumi1a (mm)
S ele Ct al I th e Val ues © fepen [sn  ezem  smews o 2ses  desos  leses s | O Relke. M o7 2 6 Ve Magnetuhiza (mm)
3 v ity 1988452 21724655 BEIOMGES 06T 25456677 26670205 14012698 12000802 Gotom CuteG Baosss 2784215 7 T+ Magnet=wa (men)
. © seect Matices [meanw w0 smemm oden 2SS0 den L0 130X poesis  27eeme 8 '+ Magnet-TH1B fmen)
in the row 27 » © v o imoc |amsm o | ssocm | immon | a1 | A o 31T+ vopacnas ory
g::::‘.mm | 2ot 2124 68308371 03613728 255115% 16754673 14812625 13814 0 Exclude 37622 278387 10 Te Magnet=128 (mm)
@ Post-Processing B 82107314 £7931554 oA 254619 26854380 14929573 ames 31845 22 " E + Magnet=T38 (mm)
R g g @ Repor W38 82265 GESTIS0  03IN2 2538605 GS0SY LAMTTE  137SI6sd Beosts 27868 12, T+ MagnetM1E (mm)
4 Right click and click on [Copy] -« ame. B T e Tt T A B e
+ ® Delntion 82209520 o 4] e Magoet-we mm)
@ Specications 15 "o Magnet=THIC (mm)
© tvahaee i DI B0 16 "o MognetTH2C (mm)
g :::;:M'”"’ JaSe  BAT2M GROINA 03N 2584775 JGIOI6D LASIESES LI7ESION GAOG0SS0 A9 OAMSSMM 27845043 1 E ¢ Magnet=T2C fmm)
i B e Tomes [ [ooww—ssomn viwm e toemn v [sser s |z 1 e e
¥ © Defintion ann 8.1604382 68912289 03597850 25410214 36501578 14793802 13886120 6.7345032 30512574 0.7633186 2783289 19 ; ¢ Magnet=WM1C (mm)
@ speciications RUOTES  BITSKS  GEIOTESS 0361374 25456488 647006 14512698 13706816 6AO91S07 OGN OTIOM9 278245 20 [To Magnet=wh2C (mm)
@ Evsluste Fr 82185135 68T 0.3610826 2539129 36937538 14843901 1373334 65608344 3179195 06568875 28000674 21 Te Magnet-WC (mm)
[ 100 BARGH1 698 03NN 25804 AT AT LIEWI7 GTOEET  LIG0RM3  OTSING  279ESR 22 /e Magnet-R_hole (mm)
_ © Reon IBONR  BZETBA  GEDMTE 036 2SS0 RGOTI ARSI LISHEY  GSRA SOTISIA 0431960 27 2| e CTRLANGLE
~ G Stochastic 1 BT BassST MM 036066 2SWIB  6MIR  LAMSS  IITM 6MSO7 00 OMSIET 27eemet 2 e s
~ © Defistion M0 BAMT  TINWIS  0300H9 2SR RSIRI4 TABMOS I3TINT  GASSMIS IO 4SRN 28084107 2 e speeD
- Sl Wi wmns  emwms  omow  maess  eem s umSe  eomen auwe ose  awes 2 e msoie
o B o[ [voem s it [ e (e [iaee [Sien i LR
& Define Output Resporses 031052 2081070 68221439 03710502 25058183 36630763 14881133 13864786 66144501 10738822 07496714 273788 B oune
O Speciications
©Q Eosluste
© Post-Processing s e W)
© Report
/ MDO_EMOTOR S 1 Verify Optimat, Emors: 0 Wamings: 0 Profie: Default
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Stochastic study initialization

« Update the parameter values in the stochastic study

Click on [Stochastic 1] — e L I e e ARl
. ey . @ Define adels - Remave Input Variatie
1 [Definition] — [Define Input & virs-pevee el s
& maspataens [ - Tt | e
Values] - oo Y e
r g::ﬂ“;“: - 3 E] m.gnfm.[m;‘ wi e vaom b Removeinput ariable
. & Eualuate 4 =] Magnet=ToA mem) 4l 13000 Show in Study Dvect
2 Click on [Bounds] @ rormces g o ] e
v it L > i 00000
. & Seeabismices s = e 4 Samdown
Select all the nominal values " & e b T -
. . & Ealute ] Magnet=T2B (mm) 10 1200000 R
3 of the first 22 geometric & e e Ao -
parameters DT T oL
Speciications B agres=" (o o i e
. o ey T =
Right click and click on R = 3)
4 P T =] MagneeWMIC fmm)  varto iy 40000000 Fiter \
[Paste Transpose] D _immmn e A S
= Magnet:®hole (mm) ver 22 i 20m000 [ Peplace., CirlH.
8 cmnei s P Gota [
T P un
=] SPEED ve2s o B inch
=] IM_RHOLE wis g " O e
5 wm = b 5
=] M T2 w2 O Shew N
B Reportie » 4 sk v WP
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STOCHASTIC STUDY AND RELIABILITY TEST

Stochastic study initialization

48

1

w

Define parameter variation

Click on[...]

Define the variation
percentage as 0.5%

Click on the icon
Click on [OK]

Change the variation range for
all the 22 geometric
parameters

VB Bownds (11 modes )y Distbutons P Lnks | | constraints
|
Add Input Varizble ¥ B Remove Input Variable
Adive | Label | Vemame | LowerBound | Nomi pperBound | Comment | [=]
1 MagnetTMIA (mm)  var_1 Al 25000000 __ 930774928 5000000
K Magnet:TM2A (mm)  var_2 dl 30000000, 14152 — R
E MognetiPA () w3 flly 1200000, 1507080, [a35775s | [ramseoat
4 Magnet:T3A (mm) var_4 il 13500000 . 15487881 | setmange
s Magnet:WM1A (mm)  var_s il soooo00 12507236
s MagnetsWM2A (mm)  vars il 60000000 ___ 1076002
K MagnetiWA (mm) var7 i o3sooooo ___ o3sase
8 Magnet:TMIB (mm)  var.8 il 25000000 | 25455200 I
L9 Magnet:TM28 (mm)  var9  ffly 30000000 ___ 30139382
10 Magnet:T28 (mm) var_10 il 12000000 15308312
K Magneti T36 (mm) var_11 il 13500000 13776661
| 2| Magnet:WhITB (mm)  ver2 iy soooomo ,, sassisss Label | Vemame | LowerBound Nominal Upper Bound Comment
| & Magneb W8 (mm)  ver 13 gy 4000000 Geseies Magnet: TM1A (mm) var_1 Al 2:5000000 43796931 55000000
14 Magnet: W8 (mm) var_14 il 03500000 03564087 — e e
sl MognesICimm) vt i 2o . 25z ] Magnet:TM2A (mm) var_2 i 21212181 anerr | aeen |
s MagnetTM2C () varls 30000000 . 3711079 [ Magnet: T2A (mm) var3 i e, ewmees |, e aee
T MagneaT2C (mm) vty 1200 4T e Magnet: T34 (mm) var_4 il 1605202, veae7ea | 165720
s Magnet:T3C (mm) vate i 13500000 13714570 5 Magnet:WMIA (mm)  var_5 Al 12.522200 12.60723 ,,, 12670272 .
Lo MagnatWIC () var19 gl 4000000, 672aron e Magnet:WM2A (mm)  varb il 10821623 10876003, 10830383
12 MagnetWM2C (mm)  var20 gl 20000000, 22036160 [ Magnet:WA (mm) var7 i 03612429 03630582 03642735
21 Magnet:WC (mm) var_21 il o03s00000 07054703 — .- -
2l Mognetsbole mm) o2 il 200w o 2601520 L8 Magnet:TMIE (mm) var 8 iy 2537024, 2s4ssa00 | 2ssmaTe
e CTRLANGLE vz P /A WA pHvs | 9| Magnet:TM28 (mm) var 9 il ooveses | soisss | ozemors | .
B LRMS AL " 10 Magnet:T28 (mm) ver 10 fly 16224780 16308312, 163744
S SPEED v P 1 Magnet:T38 (mm) var_11 Al 13707778 13778861, 13845544
L IMRHOLE w2 o wa |1 Magnet:WMIB (mm) v 12 ffly 83033114 _  84334ess | Bd77eE2 .
% :xi: “"Z :Z:j* [ 13 Magnet:WM2B (mm)  ver13  jlly 62288303 . 6983485 6904667 .
] M V::'Zg P N: |l Magnet:WB (mm) var_14 i o3sa6267 |, o03sed087 . o3seteor .
Magnet:TMIC (mm) ver 15 ffy 2531798 25445004, 25572450
Magnet:TM2C (mm) ver 16 flll 36905174 aTielory |, :TeEam4
Magnet:T2C (mm) ver 17 flly 14303854 | ta3TTas | t4ddee |
Magnet:T3C (mm) vt flly 138es007 |, 137i4sTO | 13emer
Magnet:WMIC {mm)  ver 19 ffll, 66005733 6741043 | 67S7EISE
2 Magnet:WMIC (mm)  var20  ffll, 31875079 32036160, 32196341
o Magnet:WC (mm) var 21 il ovoreszs . o7osaros | o7osseTr
) Magnet:R_hole (mm)  var22  ffil, 26670175 26813241 2.6047307

J\ ALTAIR



: Optimization Optimization Reliabilit
© Altair Engineering, Inc. Proprietary and Confidential. All rights reserved.

Stochastic study initialization

 Update output responses

Click on [Stochastic 1] — s cove T owam 2 soneinsrms | ) s ) iV ot
1 [Definition] — [Define Output S v ° - e R | — @

= = e [ rercan = =
Responses] | 8 emaorsw e b
2 =] MasseRotor: Magests kg) 2 o
3 2 Masses=Rator:Magretic circut lkg) 3 e of
a 4 =] Basa spaed:Mechanical torgue (NLm) 4 i e
Click on [Evaluate From] to D8 e F— o
2 6 [=] Basa spaet:Machanical powst (W) 7] P o
select all the output responses v e 7 e -
9 =] 2] o s " -
. . 10 [=] Murimum speect:Mechanical torque (N.m) i e ]
Click on [Evaluate from Fit o e R .
. . 12 =] 2 i o
3 Model] — [Fit 1] to link the e o o - -
optimization with the fit . = S — :
. " i il e
functions . Ot W o — o
b & Definiticn 19 [=] EFFICIENCY_BASE_SPEED_MEAN 19 e o i
& specticstions 2 B TORGULBASLSPEED MEAN m e o s
& Evaluate 21 =} TORCUE_BASE_SPEED_MAX 21 e o5 PHYS.
© Post-Procesing 22 @ TORGULBASLSPEED MIN oz == [ - prvs
_ @ repon 2 =] IRON 0SS ROTOR_OPERATING_POMT_MEAN [ o0} o PHYS
= Ly Srochastic1 2 @ WoMLoWmSAWRORANGEONMEN L P o s
Ao B @ ous o oG ot e = i - s
© Define oput Vssbles =] MAGNET LOSSES OPERATHG POINTIAMEAN 126 s ° prvs
@ MAGNET_LOSSES_ OPERATING_POINT_1A_SYM_MEAN 1.7 = o T
=] et o 5 HYS
: = E -
4 pock v W
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Stochastic study evaluation

« Specify the stochastic study

1 Click on [Stochastic 1] —

[Specification]
2 Select the method MELS
3 Define the number Qf runs as
1000 (by default is 100)
4 Click on [Apply]

Settngs B Conettion
el -

- o

@ Emaes:0 Wamings 0 Froie Detsut
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Stochastic study evaluation

« Evaluate tasks in stochastic study

1 Click on [Stochastic 1] — % oo | e @ o [ s G Sominn
[Specification] G P ——

wirae Execute Extact Comement

Define the multi-execution ¥ tunnin 2
number & v

3 Click on [Evaluate Tasks] & o :

~ g Optimization 1 i[a
+ & Datiion T

QEMEISEIISNEEIEEIEEIEEINXIEEINEINEINEIEEIN§

ol J\ ALTAIR
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Stochastic study post-processing

« Evaluate tasks in stochastic study

Click on [Stochastic 1] —

1 e vebeon 8 sater | |1l Paresn it & rewsry |0 netviyre  [(]
[Post-Processing] T

2 Click on [Reliability]

3 Click on [Add Reliability] to

add 6 reliability test

4 pock v W

52 J\ ALTAIR



: Optimization Optimization Reliabilit
© Altair Engineering, Inc. Proprietary and Confidential. All rights reserved.

Stochastic study post-processing

« Verify the reliabilities of all the objectives

’ Y Integrty Summary Pardlel Coorcnate [l Distibuton 96" Scatter | Jlll ParstoPkt €5 Relabity W Relabiy Pt
Step Action

AddRelisbiity v ) Remave Relibilty

Define the responses as the e e | RIS
optimization objectives

Reliability | Probability of Failure | Comment

1

fs Base speediMechanical torque (N.m) (4
s Base speediMechanical power (W) (1_6)
4 1.colL(rze)

4fi. MAX MAGNET_TEMPERATURE (r_54)

180.00000
140.00000
180,00000
100.00000

Modify the “Bound Type” and . rnc e s 5m .
the “BOU nd Valueu e MECHANICAL STRESS MAX (1.56)

Verify the reliabilities of all the @ @

objectives

29000000
40000000

[~lolw e lwinl~
ERIEEE™
40

4 gk nex W)
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Stochastic study post-processing

« Verify the reliabilities of all the objectives

99.8% of the optimization results are

YipgsEsT somr (@) (L) <= £l bige —— robust due to a 0.5% parameter variation
y . _ 100% of the optimization results are
Base speed::Mechanical torque (N.m) (r_4) >= 180 1 0 el S 9 8 G e e e
y . _ 100% of the optimization results are
SRS SEOR N EENEMEE O () (1 6] >= e 1 ¢ robust due to a 0.5% parameter variation
_ 100% of the optimization results are
U Lo ) <= L 1 £ robust due to a 0.5% parameter variation
o s
MAX_MAGNET_TEMPERATURE (r_54) <= 100 1 0 100% of the optimization results are
robust due to a 0.5% parameter variation
_ 100% of the optimization results are
VERGILE 2HEE SPEED) [RIPPUE (0 25 <= 2 1 2 robust due to a 0.5% parameter variation
o oo
MECHANICAL _STRESS_MAX (r_56) <= 400 0.883 0.117 kAN NS

robust due to a 0.5% parameter variation
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DIRECT OPTIMIZATION PROCESS

Optimization initialization

* Add a new optimization application

Right click on the project R o oo B ot [
1 “MDO_MOTOR_STUDY”, v Ta—— e
click on [Add]
5 Select the type as “DOE”,
click on [OK]
f Add - Altair HyperStudy™ (20.1661088)
se‘jim - Define requirements
@DUE - Establish peak performance A e v W
D"Lf‘t ] ~ 5|

5 6 q Verification

J\ ALTAIR




DIRECT OPTIMIZATION PROCESS

Optimization initialization

« Define optimization goals and constraints

 step | Action

1

Click on

Click on the icon o= -

to add

- 3 Goals
- 6 constraints

Add Goal | *

a Rem

[Objectives/Constraints - goals]

Add Goal | ¥

B Ren

2 Add 2 Goals

2 add 2 Minimize
0 Add 2 Maximize

2 Add & Constraints|

o |« [ <]

2 Add 2 Goals
0 Add 2 Minimize

8 aAdd 2 Maximize

& Constraints|

[<> |«]» o] [<]»

57

79 Ewlre o Drectory

= f MDO_EMOTOR STUDY

v If Setup
» & Defintion
 Detine Models
) Define inpun Vsiables
& Teaocel:
& Define Output Fesporses
v g1 poE
» Lot
¥ ey Optimization 1
+ [ verification 1
v g Stochastic 1
ey Optimization 2
v () Defirtion
© Dating Motals
& Define input Visbles
& Tt Models
©) Define Output Resporses
© Spectications
© Euluste
© Post-Processng
© Fepon

e Defne Output Respanses

oo

-

Vamame

e oae

£ MDO_EMOTOR, i Veid., )/ Defii

O sadtos

BENEEEEo§

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

M —
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DIRECT OPTIMIZATION PROCESS
Optimization initialization

« Define optimization goals and constraints

MOd_ify the goals ar‘d MaxPowerBaseSpeed  goal_1  Base speed::Mechanical power (W) (r_6) Maximize
1 constraints as shown in the
following table MinRotorMass goal_2 Masses::Rotor (kg) (r_1) Minimize

TorqueBassSpeed  constraint_3 Base speed::Mechanical torque (N.m) (r_4 ) Constraint >= 180
PowerBassSpeed constraint_4 Base speed::Mechanical power (W) (r_6) Constraint >= 140000
TemperatureWinding constraint_5 T_COIL (r_38) Constraint <= 180
TorqueBassSpeedRipple constraint_ 6 TORQUE_BASE_SPEED_RIPPLE (r_53) Constraint <= 29
TempMagnetMax constraint_7 MAX_MAGNET_TEMPERATURE (r_54) Constraint <= 100

MechanicalStress constraint_ 8 MECHANICAL_STRESS_MAX (r_56) Constraint <= 400
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DIRECT OPTIMIZATION PROCESS

Optimization initialization

» Define optimization setting — import matrix from DOE

1 Click on [Optimization 2] — 2 :Mxoﬁm [ B |
[Specifications] _ - sy
2 Select “GRSM" algorithm . T — = %
Click on [Edit Matrix] 3 . e
4 Click on [Inclusion Matrix] %»ﬂ ;;L

L3 settrgs L3 more...

& ooy = s e W

Note: The Multi Objective Generic Algorithm is a suitable method
for the optimization problem based on fit functions.
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DIRECT OPTIMIZATION PROCESS
Optimization initialization

» Define optimization setting — import matrix from DOE

g & Edit Inclusion Matrix - Altair HyperStudy™ (20.1661088) a x
Step Action @

. AddRun ¥ B Remove Run |__J Import Values
1 Click on [Import Values]

T+ tagne... (mrr Flagne... (mrr | [ T-lagne... (mrr| [F<dagne... (mr F-lagne... (mm | e fagne... (mr F+lagne... (mr | T lagne... (mr F<lagne..

Select “Approach

2 evaluatlon data” Eiil Import Values - Altair HyperStudy™ (20.1661088) ‘ 2 ’ X i Import Values - Altair HyperStudy™ (20.1661088)
Options

3 Click on [Next] B N [Appmm sttty = l
2 O] Approach evaluation dsta l
SeleCt On the [DOE 1] 3 [] HyperStudy post processing file 2

as the approach
5 Click on [Next]
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DIRECT OPTIMIZATION PROCESS

Optimization initialization

Define optimization setting — import matrix from DOE

61

1
2

Click on [Finish]
Click on [OK]

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

i Import Values - Altair HyperStudy™ (20.1661088)

i Edit Inclusion Matrix - Altair HyperStudy™ (20.1661038)

AddRun ¥

UEtagne... (mr| T lagne.. (mm| F-lagne... (mrr| Felagne... (mrr | Felagne... (mr

3.1000000
4.3000000
3.8200000
4.4200000
5.1400000
2.8600000
3.4600000
4.6600000
3.5800000
2.5240000
3.1240000

wlm o w e W

A=)

3.7240000
13| 2.6440000

Data Sumrmary

B Remove Run

3.6000000
3.3000000
4.0200000
3.1200000
3.5400000
3.9600000
3.0600000
4.2600000
4.3800000
3.5640000
4.1640000
3.2640000
3.3840000

1.5600000
1.3800000
1.6320000
1.5420000
1.6140000
1.2360000
1.5960000
1.4160000
1.3080000
1.5024000
1.4124000
1.3224000
1.2144000

E Data Integrity

| mport vaiues

1.5300086
1.5900691
13861141
1.5661659
14222281
1.5780311
1.4580830
1.5181867
1.4340033
1.5252032
1.4052280
1.5852366
1.5012081

12.880824
12.804489
10.787933
12.680773
13.579813
11.872547
13.765386
10.697120
12775533
12.350488
10.116081
8.1488790
9.1643957

tE-tagne.. (mrr | F+tagne... (mr | [F<lagne... (mrr [T

10403617
8.7635654
7.6762252
6.6325369
10.619766
7.3599468
63162784
7.9616265
7.6144708
6.0397334
9.9774152
10.0146%0
7.0956333

0.5020174
0.7624570
0.3814746
0.6898967
0.7361080
0.7365263
0.8448484
04886338
0.7058963
0.9025014
0.4875054
0.9259150
0.8682335

This table contains cells with no vae. ()

Cancel

29747775
26437115
4.0507510
3.2449076
37742479
26782972
3.8724538
40880211
3.38038335
34754412
4.2950167
3.6027041

S S S YR VPR S VPR UL VR VR S Y

29684793

Apply

Variable to Column Assignment Columns in Source File
Label Label
1| Magnet::TM1A (mm) 1 Magnet: TM1A (mm)
2| Magnet: TM2A (mm) 2| Magnet: TM2A (mm)
3| Magnet::T24 (mm) 3 Magnet:T24 (mm)
4| Magnet: T34 (mm) 4 Magnet: T34 (mm)
5| Magnet:WMTA (mm) 5 MagnetzWMTA (mm)
& | Magnet:WM2A (mm) & Magnet:WM2A (mm)
7| Magnet:WA {mm) B Azign 7 Magnet:WA {mm)
8| Magnet:TM1B (mm) 8 Magnet: TM1B (mm)
9| Magnet: TM2B (mm) B Remove 9 Magnet: TM2B (mm)
10| Magnet::T2B (mm) 10 Magnet:T2B (mm)
11| Magnet::T3B (mm) 11 Magnet:T3B (mm)
12| Magnet::\WM1B (mm) 12 Magnet::WM1B (mm)
13| Magnet:WIM2B (mm) 13 Magnet:WhZB (mm)
14| Magnet::WE (mm) 14 Magnet:WE (mm)
13| Magnet::TM1C (mm) 13 Magnet:TM1C (mm)
15 A A e TRATE it 15 fm i b TRATE i)
Cancel < Back Next >
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DIRECT OPTIMIZATION PROCESS

Optimization initialization
» Define optimization setting — import matrix from DOE

1 Click on [More]
e
2 Select “Without Initial” = e = e
.U.: ““" Ere—
=L % i
: - [2)
L ,
m 2 With dabel
— — —

/MDO_EMOTOR_STUDI / Optemization 2  Global Response Search Method., )/ Specitications
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DIRECT OPTIMIZATION PROCESS

Optimization initialization
» Define optimization setting — import matrix from DOE

RIS

1 Click on [More] % vow PRI i svectaecns g
[ st

2 Define the “Point per iteration” = o &=

2 ® w GRSM
3 Select “Without Initial” - ’

: wn o

7 - A

3 W arm oA

) M Syren @

8 xon =D

‘20ply Parametess and Create Design Matrc

Note: the Point per iteration is similar with the multi-execution.

63 J\ ALTAIR



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

DIRECT OPTIMIZATION PROCESS

Optimization evaluation

« Evaluate tasks for the optimization problem

Step Action P n o n
Click on [Optimization 2] = % cobee Tg Drecy [ cotnonrots ] Colmincon J Botoeanet (20 Smtmion ot | ) Doty [ entnotr 22

1 - MDO_EMOTOR_STUDY 5 -
[Evaluate] S et comiines =
» & Defintion Active Wirite Execute Extract Commert Actwe Task
) Detine Hadels 1 o
Define the “multi-execution” S :
2 number as the same as the o 5 o
“Point per iteration” » oo
v g Stochastic 1
3 Click on [Evaluate Tasks] e

5(3)
- - =

Evahuste Tasks Emaes: 1 Wamings 3 Froie: Defsut

Note: The optimization problem based on fit functions will cost as the same time as
DOE analysis
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DIRECT OPTIMIZATION PROCESS

Optimization post-processing

* Plot optimal curve

1 Click on [Post-Processing] % o |2 e T v ] s B i s 1 o ([ o]
-4 ;DO,EMO‘OR,STUD‘( * @ e E— -
Click on [Optimal] to see all Y | R
2 the optimization results for the S i B i
electric motor B -
» *anmizmoﬂ
3 Select the Goall g-Juon -
“MinROtOI’MaSS" - wf)nw::zamnz g
4 Select the Goal :
“MaxPowerBaseSpeed” i
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DIRECT OPTIMIZATION PROCESS

Optimization result comparison

* Global optimal results
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DIRECT OPTIMIZATION PROCESS

Optimization result comparison

» Global optimal results (between direction optimization method and fit function based
optimization)

o Fit function Direction

Original D
based optimization
value D

optimization method

Mechanical power at base point / W 137818 140854.7 140329.76

Rotor mass / kg 4.96 4.85 4.85
Mechanical torque at base point / N*m 184.21 181.43 180.49
Mechanical torque ripple at base point / N*m 43.11 34.78 28.46
Winding temperature / °C 151.01 159.37 157.59
Magnet temperature / °C 46.75 46.11 45.88
67 Mechanical stress / MPa 450.79 390.80 396.23 2\ ALTAIR
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CONCLUSION

Both direction optimization method and fit function
based optimization have been used and tested in
the MDO platform

Both the optimum found by the two method

fulfilling all criteria

The fit function based optimization can save
more time in the optimization part
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