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Challenge

Near the MTPF line
Full coverage of the whole area Fast increase in temperature

M lation I
In a short time (limited test bed time) odulation Index

Create a global model to
characterize the EESM |

Speed, Torque, Upc, Iy, I + If

In a defined temperature range

Stator temperature in a certain tolerance (+/- 5°C)
Rotor Temperature < T4

Generate optimized data

With best efficiency and max torque accuracy
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EESM - Characteristics 1

= Good behavior in every speed

= No magnets

u Slip rings (alternative: Induction coils)

= Switch off possible

= Fail safe

= Uncritical temperature sensitivity

ol o o 0. 2.4
e o e = @ @ )
| @ ®| | @ || || = E: :ca |
@ ® & — ® e, e
o3 _ L LA
PMSM ASM EESM

n<n,

n=n

costs

durability

fault

temperature
sensitivity

high efficiency

low efficiency
higher production costs
than ASM

(magnet material)
low maintenance

critical
(overvoltage, braking
torque)
critical (permanent
magnets)

disadvantages in efficiency

advantages in efficiency

design is simple and cheap

(aluminium die-cast rotor)

low maintenance

Uncritical

uncritical

good efficiency

high efficiency

Lower production costs

than PMSM (no magnets)

Slip rings

Uncritical

Uncritical
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EESM - Characteristics 11

Torque

efficiency > 85%

Public



Torque

EESM - If setpoint Actual
speed
With I; we... If ‘
| d "Iq | Switching
- have a temperature model ; = = |2 | Frequency
for Rotor Temperature : L heums A Y
— can influence e —'_"i'—|
the field weakening — Inverter
— have no magnets 12—
Battery [ DC | LK

DC

I; transmission with

- inductive transmission

- slip rings




Id_Iq - Plot T, T3> Ty

MTPA

= Temperature influences
the Voltage Ellipse

Current Limited Cycle

» I. influences the magnetic field
of the rotor > the Torque Lines

= So, with Ir you have the possibility
to depict different PMSMs

v

w;<W,




Variations for Torque

Torque [Nm]  Tot. Losses [W] I+ [A] lq [A] Iy [A] ModIndex

Losses [W]
25.59 2610 4.60 103.44 -56.56 1.09
25.59 2620 4.37 99.56 -64.03 0.88
25.59 2662 4.06 105.47 -59.34 0.87
25.59 2764 3.30 115.78 -77.31 0.69
25.59 2876 4.51 115.09 -73.09 0.89
25.59 2928 4.75 116.31 -75.56 0.92
38.13 1060 3.31 113.59 -7.88 0.27
38.13 1113 4.09 113.91 -8.84 0.31
38.13 1154 4.16 116.19 -7.97 0.31
38.13 1252 3.29 133.31 -11.06 0.28
38.13 1329 4.76 129.09 -10.00 0.34
38.13 1389 4.98 133.53 -10.44 0.35
66.91 2922 6.23 177.94 -55.31 0.92
66.91 2924 7.49 171.28 -61.94 0.96
66.91 3224 4.96 203.41 -67.31 0.82
66.91 3224 4.96 203.41 -67.31 0.82
66.91 3378 7.46 201.56 -72.88 0.97
66.91 3378 7.46 201.56 -72.88 0.97
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How we get the solution?

INVERTER

BATTERY EMULATOR

Test Environment PR ———— L

AVL Toolchain

@ | (@]

CAMEO PUMA XION Concerto

Smart Calibration Automation Power Analyzer
and Validation

Post processing




Active DoE Workflow

Traditional DoE

El

Test — Model - Predict — Optimize: Too late for knowledge gained after testing to improve the testing phase

Standard DoE workflow Optimization might fail or

model unusable

Full Test [ /——| Choose
Ny » § ' Test » 2 Model rL/ » optimization »
generat|on : o.s—v.f”rjff,y./o‘f“ i _J Cr|ter|a

e

For high nhumbers of input dimensions or highly non-linear systems,
even standard DoOE has its limits
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Minimizing time per test

Active DOE

Model and Predict during the test: Bring Knowledge forward to the testing phase

Standard DoE workflow

Optimization might fail or
model unusable

Ly 8

T | / i Choose o]
- » o~ Teet » 2 Model ,\i/ » optimization »
matrix : | iteri
generation ' Yt v T Crl erla.f:.

Bring knowledge forward

AI Active DoE workflow

ED_O_U_g_h_p.O_LD_tS_. 3.54 -

m logged? 2;_ Final mOdél_ —I

point logged % .. creation

fal e -y — : os ] B
LAt Test Choose areas 2 Update | [l | ="uk D e e

matrix » of interest / ' Test - Model Jd/ R ' ‘.y v
generation danger H = oéi_,,,,/fo/- | ot N P 3 Successful

;;.;;;.m.,\w,-m 1B =B B om om @ : i © model creation &

optimisation!

Calculate next
Test Point




Minimizing time per test

Active DoOE benefits

Predictive Intelligence during testing

Intelligently focus testing on target areas Avoid dangerous or uninteresting areas
Reduce points logged by >30% (for 5+ inputs) Improve model quality

Auto-stop test when enough data gathered

AI Active DoE workflow l Bring knowledge forward

After every logaed? ... Final modeJI _‘
: f’ .. Creation
of interest / , _ - : | Loet ||
‘BN 3:4 ] 3 s 05 o ——
... Update [ f—| s ——

Start Test danger s s s s e e
2 Model / |
05] o —— |

matriX ‘ /
3 Successful

generation | |
' 0 1 2 % 4 0 e 70 8 i . model creation &
\Camum—ty optimisation!
Test Point
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Active DoE Test in CAMEO

Test Vorbereitung Ll ““ 7 “ H| v
‘ Test: | 02b_Global DoE max efficienc, ¥ Version: |05 - 2000 to 14000rpm - 330v- v| o ¢ Ergebnis v %
Prifleuf Parameter | Globale Parameter | Layouts | @ o6 0 Fehler i, 26 Wamungen
Priiflaufplan: Betriebspunktgrafik
Active DoE Betriebspunkte: | ~ Typr | All Types ~ Gruppe: 000
4% DOE List
300
| Active DoE 250
w200
Testbausteine: 4+ *( |E | 3 g
g Testrun Paramet Global Paramet Layout: @ sz
9 100 estrun Farameters obal Parameters ayouts

Sub-Tests

50 . P "
4 Cool Down Active Dok Operating Points: | vt Type: [All Types v T 000

: o SPEED
F Heat Up # DoFLst 300
Parametrierhilfe | = Ablaufordnung | %5 Active DoE :

Betriebspunkte |  Aktionen | spezielle Parameter | Grenawerte | Abgleichvorginge Stabilisierungen || Test Items: + |,_:|_

[ Betriebspunktgrafik | [ Beschreibung |

&
g
g

TORQUE

Kanile: + %= Sub-Tests

Nr. Narme Bereich Von Start Bis Sab.Zeft | Ventelmodus | Bamdat | pestup
0 5000 00N 001
1 U_dc 330 330 330 1| Absolute <none> ¢ 5000 - 0000 5000
expected_tq start 0 05 1 1| Absolute <none> # CenterpointLimit
expected_tq_rel_start 0 0s 1 1| Absolute <none>
pected i el # Cool Down [£] Operating Points Graphic |[E] Description [ Parameterization Help | = Run Order |

~

w

- — - — - |-:i:- Intermediate Point Measure - - .
Betriebspunkte: =+ ¥ = 5‘m|, Globales DOE % Globale Liste importieren | My x| Acdtions | Special Parameters | Limits | Response Controllers Stabilizations Measurements
Cycles N
Nr. L) Regelart Regelkanal 1 Regelkanal 2 ¥ Channels: + X []|E|_| | & Step Approach ‘ A Continuous Approach
Wert | Rampenzei | Toleranz ~ Wert  Rampenzei  Toleranz
1 ] SPEED / TORQUE 2000 -500 ] 27 3 0 i No. Name Area Min From Start To Max Stab. Time Set Mode Base Data Set Order Ramp Tir
SPEED / TORQUE . :
4 e L2l 2 2 L2 & & ; 1 Lsp_dummy 0 1 1 2 3 1 Absolute <none> 1
2 Psi_sp_dummy D ] 1 1 2 3 1| Absolute <none> 1
3 I _dummy 0 1 1 2 3 1 Absolute <nones 1
2 Layer Test ;
H Variation List: + 185 |LT,L Local DOE Import Local List | " Edit list | Mg
. Speed / T first | |
pee orque on T1iIrst layer -
No. L] |_sp_dummy Psi_sp_dummy If_dummy Indi. Stab. Time R ‘::ghm‘m" Type Sub-Test
+ Variation of I, Psi and If d| L g
ariation or 1, ¥Sil an on secona layer 2 . : . ; ofs
3 2 0 1 0 o1

« Global DoE Design
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Active DoE Test in CAMEO

Measurements and DoE Conditions

Measurements: o= 'E.ﬁ ||:|_| #  Step Approach | A Continucus Approach
Mo, Marne Type Meas, Time | Sample Time | Drift Tolerance [%] | Max Std, Dev, Alive Tol, Active Dok Minimum Cutput Maxirmurm Cutput Active Dok Type
1| TOROUE Mean 2 1 0.05 o 0 |expected_tq_start-3 | ) expected_tq_start+3 Standard
2| Mod_Ratio Mean 2 1 0.05 00 0 - Infinity Max.Ratio ModelLimit
3 |.EFFICIENCY_3 Mean 2 1 0.05 £ 0 g0 100 Standard
4| EFFICIENCY 4 Mean 2 1 0.05 £ 0 g0 100 Standard
5| .MECA_POWER Mean 2 1 0.05 £ 0 0 180 Standard
o | List of Measurements GlobalList 2 1 0.05 00 0 ] Standard
« Active DOE (multi-criteria approach)
« While test is running the Stator- Rotor-Temperature, r = Max. Output
Modulation Index and Maximum Current o
are monitored all the time with certain reactions. S Active DoE
« With predefined Variation areas AND multiple Criteria
it is possible to create a test design in an easy way L . Min. Output
—

Variation
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Raw Data Analysis
Repeatability measurements

Mod.Rat. Torque

Total Losses
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Repeatability:

« Same color for the points with
same Speed, 14, I, and [;

V24V 2

calc — U,

V3

e ModRat

« Check of repeatability for torque,
modulation ratio calculated and
total losses

- This was done also for Uy, U,

« Repeatability shows how good is
the stability of the whole system

« Good repeatability avoids model
overfitting

« Optimization results can’t be
better than the repeatability




Influence of I; on Torque

Variations x(y)

Same color means
same initial requested
speed/torque points.
Due to the variations
in 14/1,/1; this graphic
shows the range of
different values we
can reach for:

« Torque vs I,

+ Torque vs I;



Modeling - Intersection Plot

Torque

Total Losses

Mod Ratio




mization
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»

Project
Administration

-

Raw Data

~

Modeling

€ <

Map Generator

=
=1
=1
B

Prediction

B

Compare
Variants

Optimization | -~ '|

~HERE

‘ Model Evaluation: |D1b_Mode\ Evaluation and Op V| Variant: ‘Varlantzc Copy new brake po V‘ 3= 4 x Result: |T) Local optimization Dummy V‘ 3= 4 x

Definition | Graphics " Trade-Off Results " Table of Results ” Root Cause Analysis ‘
Optimization: Type:  og Local (OLD 4R2 Legacy vers) - Create Samples
Target Functions: + o o
Ne. Channel Divisor Type Weight
1 Totallosses_Modelformula w1 Minimize
Optimization Points: 4+ X 4| Local Constraints: 4 |@8 Use Design Spar ‘
N Data G Channel X Channel Y Cycle Target Design TORQUE.
© roup Values Values Weight Weight Space [%] o
1 Manual Group 1 2400 1 1 1 100/0.1
2 Manual Group 1 2400 1 1 1 100(2.7
3 Manual Group 1 2400 1 1 1 100(7.29
4 Manual Group 1 2400 1 1 1 100(13.5
5 Manual Group 1 2400 1 1 1 100|27
6 Manual Group 1 2400 1 1 1 100(40.5
7T Manual Group 1 2400 1 1 1 100|54 x{y) Variations
8 Manual Group 1 2400 1 1 1 100|67.5
a Manual Group 1 2400 1 1 1 100|381
10 Manual Group 1 2400 1 1 1 100(94.5
11 Manual Group 1 2400 1 1 1 1001215 ]
3
12| [ |Manual Group 1 2400 1 1 1 100[135 -
[y
28
Variation Constraints = E
3
EEZ
Variation Constraints: %%
2
Sx
No. Channel Lower Bound Upper Bound Discrete f';
3
11D -404.4375 -1.4275 (] %E
- 0.046875 17.517578125 O Iy
3.0 28.375 503.8125 O
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Torque Accuracy
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Mean Value: 0,06125

Public Torque accuracy optimization for an EESM | Gerhard Gaugl | 08 Marz 2023 |



Total System Efficiency / Total Losses

Pbat P

i .

p

mech

)
= FI% y

p

exc

Inverter Losses = Pyt — (Poyt+ Poxe)

Motor Losses = P,; — Ppecn

Total Losses = Pyyt — Pech

P
Total System Ef ficiency = mech
Pbat

Total Losses = Inverter Losses + Motor Losses + P,
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Validation of Efficiency
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Take Away Points/ Benefits

= Less know how needed about inverter and E-Motor.
= Reliable results

= Time saving through “Active DoE” and loop reduction.

= More stable against noisy results.

= Keep system in stable conditions.

= Interrelations are presented clearly and simply
= Reusable Data

= Well representable

= Traceability
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If there is a better way to do it - find it.

Thomas Alva Edison (1847-1931)
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Contact

©

ADRESS

AVL List GmbH
Hans-List-Platz 1
8020 Graz
Austria

® 6

TELEPHONE

+43 316 787-0

E-MAIL

gerhard.gaugl@avl.com

calibration.applications.sup

port@avl.com

ONLINE

Webseite
Newsletter

Webinare
Karriere

in] {1}
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