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Key Takeaways

Challenge: High-fidelity models often prohibitively slow

Artificial Intelligence technigues can be used to
create faster Reduced-Order Models (ROM)

MATLAB & Simulink enables engineers to create
ROMs without prior Al knowledge




What is Reduced Order Modeling (ROM)?
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How to perform Reduced Order Modeling?
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Applications of Reduced Order Modeling

Perform simulations and SIL / HIL / PIL testing
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Applications of Reduced Order Modeling
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Applications of Reduced Order Modeling

= Perform simulations and SIL / HIL / PIL testing
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Applications of Reduced Order Modeling

Perform simulations and SIL / HIL / PIL testing

Virtual sensor modeling
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Applications of Reduced Order Modeling

= Perform simulations and SIL / HIL / PIL testing
= Virtual sensor modeling
= Control design
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Example overview
Replacing a high-fidelity jet engine turbine blade model with an Al-based reduced order model

SIMULINK®
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Example overview
Replacing a high-fidelity jet engine turbine blade model with an Al-based reduced order model

>
b 1 l ] b l I< ® >
SI LI > Visualization
N >
> Visualization
Ambient Conditions
™ S "':;AViVAV 1
" e Could be imported
S v, 4%y o
N RERKEIYE from third-party
FEA/CFD tools
—  Controller >
High-fidelity - Jet Engine Turbine Blade
Nonlinear MPC

Temperature at Time =

0 1300

1200

~30 seconds per time step for solving FEA models

1100

1000

900

800

700

600

Not suitable for control design and HIL testing ¢ tip displacement ..

\I/ "
i ¥ 10
300




MathWorks AUTOMOTIVE CONFERENCE 2024

Example overview
Replacing a high-fidelity jet engine turbine blade model with an Al-based reduced order model

SIMULINK® ’
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Introducing Simulink Add-On for Reduced Order Modeling

Products and Services

Reduced Order Modeling with MATLAB and Simulink

Create Al-baged reduced order models

Download add-on (beta)

>

Simulink Add-On for Reduced Order Modeling provides an app for creating reduced order models (ROMs) of subsystems
modeled in Simulink, including full-order, high-fidelity third-party simulation models. You can use reduced order models
for system-level desktop simulation, hardware-in-the-loop (HIL) testing, control design, and virtual sensor modeling.

With Simulink Add-On for Reduced Order Modeling, you can:

+ Set up the design of experiments and generate input-output training data from a full-order, high-fidelity subsystem
+ Train and compare Al-based reduced order models using pre-configured templates
+ Export Al-based surrogate models to Simulink for system-level simulation, control design, and HIL testing

+ Export reduced order models as Functional Mockup Units (FMUs) for use outside of MATLAB and Simulink (with
Simulink Compiler)

Reduced Order ROM
Modeling N @’ ™
. Somm—rl Firstprinciples based | —

Fgg-&gzél r:OEiel o Foliordermodel —s{ Festprnciles basea|— )

>
3 3 component 2 component 3
°
2 “a  Reduced order model

o

Speed

Reduced Order Modeling with MATLAB and Simulink
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Workflow for Reduced Order Modeling App

Design Run
experiments experiments
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E
Full_model/High-fidelity Model/MATLAB Function 2 Number of pulses 200 =
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Design Run
experiments experiments

>
n
itions
CREATE MODEL EXPORT
£ Overview x || Experiment_1 X : Configure Experiment

bl

Signal Injection Mode | Replace

Signal Type tplace
Perturb

Pulse width [ 100
’-é Number of pulses | 20013
‘g’ Puise Ampiitude Ranges
(=N
5 Signal Min Max
g 1 Ambient Temperature 1 800 2000
g 2 | Cooling Temperature:1 50 250
< 3 |Pressure: 450000 550000

it [ nN
@ o o
S = o

Cooling Temperature: 1

o
=

50

56

Design
experiments

16



MathWorks AUTOMOTIVE CONFERENCE 2024

Design Run

experiments experiments

4\ Reduced Order Model
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REDUCED ORDER MODEL
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ooling 1(Cooling 1) File location B Signal Min Max
JetEngineBlade/Pressure:1(Pressure:1) 1 | Ambient Temperature:1 800 2000
K Use Parallel
Cooling Temperature:1 50 250
.

Ambient Temperature: 1
~

3 |Pressure:1 450000 550000

|
|

250
«* B3
.
o $| o
2
®
g
E
0K Cancel
— g [ )&=
- c [ra—
Name #Sims Results 5
8
] Experiment 1 (5]
Experiment_1 2

Pressure:1

1000 1500 2000 50 100 150 200 250 45 5 55
Ambient Temperature:1 Cooling Temperature:1 Pressure:1 x10°

Run r—
N \ Plot Slgnalsj
experiments //

17



Design

experiments

4\ Reduced Order Modeler-JetEngineBlade
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Run

Design

experiments experiments

4\ Reduced Order Modeler-JetEngineBlade
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Design Run

experiments experiments

4\ Experiment Manager = a

d}: 3 Open ~ EH Mode |Simultaneous - Q EI \]—? Q W

New T Resta Tréining  Test Data 7| Filters | Annotations | Export
s t - Pool Size Plot Plot S &

FILE ENVIRONMENT EXECUTION RUN REVIEW RESULTS FILTERS | ANNOTATIONS | EXPORT =
Experiment Browser i |Z| Experimentt x —Expenmenu | Result2 x 5
3 Frimenttislens v Exhaustive Sweep Result

~ @ Experimentt
B Result2. Experiment! Start: 1/15/2024, 9:48:54 AM N 36/36 Trials
. {View Experiment Source)
[E] Resuitt Use data collected from the JetEngineBlade model to fit a neural state- @ Complete 36 A Stopped 0 ©® Error 0
space model. By default, 20% of the data sets are used as test data, and O Running Queued 0 X Canceled 0
maxepochs for training is set to 1000. Edit the training function to change i Discarded 0
the percentage of test data used and the maximum number of training
epochs.
[
ent Details Hyperparameters Information Metrics
Status Actions ‘ Progress Elapsed Time Numberinputl... |NumberOutpu... |Numberlayers i inii Loss ¥ |TestMSE
1| & Complete " [— 100.0% 0hr 5 min 16 sec 0.0000 0.0000 2.0000 16,0000 0.2000 00214 |\0.9275 00519 ~
2| @ Complete L] \— 100.0% 0 hr 7 min 34 sec 1.0000 0.0000 2.0000 16.0000 0.2000 00272 §32502 0.0368
3| @ Complete ] \— 100.0% 0 hr 6 min 29 sec 0.0000 1.0000 2.0000 16.0000 0.2000 00573 19528 01116
4| @ Complete i | 100.0%| 0 hr 14 min 15 sec 1.0000 1.0000 2.0000 16.0000 02000 00361 36828 00553
5| @ Complete I I 100.0%| O hr 13 min 51 sec 0.0000 2.0000 2.0000 16.0000 0.2000 0.1076 33881 0.1943
6| @ Complete L) I 100.0%| 0 hr 14 min 40 sec 1.0000 2.0000 2.0000 16.0000 0.2000 00475 96849 0.0871
7| @ Complete i I 100.0%| O hr 14 min 59 sec 0.0000 00000 3.0000 16.0000 02000 00208 09332 00444
8| @ Complete L I 100.0%| 0 hr 15 min 16 sec 1.0000 0.0000 3.0000 16.0000 0.2000 00145 28449 0.0358
9| @ Complete ¥ I 100.0%| O hr 16 min 4 sec 00000 1.0000 3.0000 16.0000 02000 00352 18716 00932
0| @ Complete W I 100.0% | 0 hr 15 min 35 sec 1.0000 1.0000 3.0000 16,0000 02000 00154 29724 00535
1| @ Complete u I 100.0%| 0 hr 16 min 15 sec 0.0000 20000 3.0000 16.0000 0.2000 02192 36474 03241
2| @ Complete | I 100.0%| 0 hr 15 min 54 sec 1.0000 2.0000 3.0000 16.0000 0.2000 0.0374 7.3887 00910
3| @ Complete L] I 100.0%| O hr13min 7 sec 0.0000 0.0000 2.0000 32.0000 0.2000 00195 09328 0.0396
4| @ Complete i I 100.0% | 0 hr 12 min 11 sec 1.0000 00000 2,0000 320000 02000 00188 33358 00562
5| @ Complete i I 100.0% | 0 hr 11 min 56 sec 00000 1.0000 2.0000 32.0000 02000 00537 22448 01004
6| @ Complete u I 100.0%| O hr 12 min 38 sec 1.0000 1.0000 20000 32.0000 0.2000 0.0342 3.8684 0.0290
7| @ Complete L] I 100.0%| O hr 12 min 20 sec 0.0000 2.0000 2.0000 32.0000 0.2000 01214 34628 0.2559
8| @ Complete ] I 100.0% | 0 hr 12 min 47 sec 1.0000 20000 2.0000 32.0000 02000 00452 82722 00937
9| @ Complete ] I 100.0%| O hr 12 min 18 sec 0.0000 0.0000 3.0000 32.0000 0.2000 00328 1.1057 0.0552
0| @ Complete u I 100.0%| 0 hr 12 min 30 sec 1.0000 00000 3.0000 32.0000 02000 00146 27313 00426
P1| @ Complete L I 100.0%| O hr 12 min 37 sec 0.0000 1.0000 3.0000 32.0000 02000 00376 1.9406 00975
P2| @ Complete L] I 100.0%| 0 hr 12 min 50 sec 1.0000 1.0000 3.0000 32.0000 0.2000 00197 29531 00543
P3| @ Complete i I 100.0%| 0 hr 12 min 55 sec 0.0000 20000 3.0000 32.0000 02000 0.0800 3.0261 01701
24| @ Complete u I 100.0%| 0 hr 13 min 12 sec 1.0000 20000 3.0000 320000 02000 00352 7.3551 00890
P5| @ Complete § I 100.0%| O hr 11 min 31 sec 00000 00000 2.0000 64.0000 02000 00182 11432 00354
26| @ Complete ] I 100.0%| 0 hr 10 min 52 sec 1.0000 00000 2,0000 64.0000 02000 00554 3.8685 00537
P7| @ Complete i I 100.0%| 0 hr 10 min 38 sec 00000 1.0000 20000 Sgazes anoco 00743
p8| @ Complete ] I 100.0%| O hr 11 min 17 sec 1.0000 1.0000 2.0000 U7
I 3
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Design Run
experiments experiments

y 7T W ||¥

-
st Data Filters  Annotations || | Export

Plot - -

EW RESULTS FILTERS | ANNOTATIONS -

5 Training Output
¥

xperiment1 | Resufl2 x
Experiment! | Resul2 rt training function output for selected trial to MATLAS workspace |

Sweep |
i i Results Table

£x007T resuits of ! trisls to MATLAB workspace as a MATLAS tabie | 36/36 Trials
iment Sowrce)
llected from the JetEngineBlade model to fit a neural state- @ Complete 36 A Stopped 0 ® Enor 0
|. By default, 20% of the data sets are used as test data, and O Running 0 = Queued 0 X Cancaled 0
for training is set to 1000 Edit the training function to change {il Discarded 0

ige of test data used and the maximum number of training

Actions  Progress NumberUnits
e " I 100.0% o/ 320000
e | § | SR 1000%| O hr 11 min31sec| 0.0000 0.0000 20000 540000
e - . 100.0% 0 hr 15 min 16 sec 1.0000 0.0000 3.0000 16,0000
te u I 100.0% 0 hr 7 min 34 sec 1.0000 0.0000 2.0000 16,0000
te & | 100.0%| 0 hr13min 7 sec 0.0000 0.0000 2.0000 32,0000 02000] 00195 09328 0039
te u I 100.0%| O hr 12 min 30 sec 1.0000 0.0000| 3.0000 32.0000 0.2000 00146 27313 00426
te [} | I 100.0%| O hr 10 min 58 sec| 0.0000 0.0000| 3.0000 64,0000 0.2000| 0.0234 1.0063 0.0438
te W | I 10005 O hr 14 min 59 sec | 00000 0.0000| 20000 16,0000 0.2000| 00208 09332 0.0444
te o I 100.0% 0 hr 5 min 16 sec 0.0000 0.0000 2.0000 16.0000 02000 00214 09276 00519
te ] I 100.0%| Ohr 11 min 37 sec 1.0000 20000 20000 64,0000 0.2000 0.0606 7241 00528
te [ I 100.0%| Ok 15 min 35 sec 1.0000 1.0000 30000 16,0000 0.2000 00154 29724 00535
te N I 100.0%| O hr 10 min 52 sec 1.0000 0.0000 2.0000 64.0000 02000 00554 3.8685 00537
e e—— - 10000 10000 3.0000 320000 02000] 00197| 29531 00543
e y m 0.0000 0.0000| 30000 32,0000 0.2000] 00328 1.1057 00552
e, z R4 1.0000 1.0000| 2.0000 16,0000 02000] 0.0361 36228 00553
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Design Run

experiments experiments

4 JetEngineBlade_ROM * - Simulink - a X
T DEBUG MODELING FORMAT APPS = 5 @ o I
[ ] - Stop Time | 5000 J =
u (i} & L\@ 2 =2 \" B
= Rias Table @ Fast Restart Batk > 2 e Inspecto Analyzer Scope anage:

JetEngineBlade_ROM =

JetEngineBlade_ROM » v

Model Browser
Bo|e
Jopadsu] Apadoid

: High-fidelity model response
max_disp_val g B £

ambient_val

Ambient
| <
Ambient Temperature
: O [T = s
cooling_val Denormalized |- Normalized » u NEURAL SS MODEL y Normalized P”enJormaﬁzed
- Cooling e i = NSS
Cooling Temperature

Normalize Denormalize

pressure_val
Pressure

Pressure

Compiling : Creating set of compiled blocks: Completed 216% ETY g mp;\um
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Simulation and test

4 Scopel - s} X

File Tools View Simulation Help ]
Q- BOP® | =-aQ- K- F& . . .
0t Model Simulation duration [seconds] g
_JJ: :gﬁdﬁtynmdmswnsu
Neural state space model 0,03s
2

VW EENa
WAL TNV N M A

Ready Sample based | T=5000.000
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Hardware-in-the-loop simulation

SIMULINK T
>
Visualizati
Ambient Conditions ‘
: 1
Controller s
High-fidelity - Jet Engifili Turbine Blade
’—.‘ Nonlinear MPC
Code generation Code generation
from algorithm from plant model

Build & download models SIMULINK®

Adjust parameters
—
—

Monitor signals

Target platform Real-time computer
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Deployment of Reduced Order Models

Development Operations

- Simulink S
i ngggce Ti Coder C/C++ Any CPU
el 5 Real-Time Source
Speedgoat Products ol ¥ Ky,
hardware " T liie.augmented

INSTRUMENTS
Simulink MATLAB
Compiler COMmDi ——
piler =
Standalone @
3P : : -
CAE tools Simulink e Digital twin
Deep Compiler
Learning
Toolbox
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Key Takeaways

Challenge: High-fidelity models often prohibitively slow

Artificial Intelligence technigues can be used to
create faster Reduced Order Models (ROM)

MATLAB & Simulink enables engineers to create
ROMs without prior Al knowledge
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