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SIMULATION MODELING FORMAT VARIANT SUBSYSTEM
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Common challenges

f\"""\ High fidelity models, such as ones from 3" party FEA/CFD tools, are too
slow for system level simulation, control design, and HIL testing.

AIA Creating a ROM that produces desired results in terms of speed,
L~ accuracy, interpretability, etc.
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Integrating Al into Model-Based Design
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Integrate Al models into MBD for system-level simulation and code

generation . N . Ny - .
. Functionality and . . Syster_n
Requirements . Design Implementation Integration
Architecture
and Test
Continuous Testing, Verification, and Validation
Requirements verification Early design verification Virtual integration testing (SIL/PIL/HIL) Physical System Testing
f System \
Subsystem
models Physical hardware
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Behavior models <=5 Al & Data-driven |
Functional spec : \
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Digital Thread

Al for component modeling Al for algorithm development

= HIL testing and system-level = Virtual sensor modeling

simulation for high-fidelity models . Sensor fusion

=  Modeling component dynamics from
data when first-principles models
cannot be obtained

Object detection
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Focus today
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Al for component modeling

= HIL testing and system-level
simulation for high-fidelity models

=  Modeling component dynamics from
data when first-principles models
cannot be obtained
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Reduced Order Modeling

What

= Techniques to reduce the computational
complexity of a computer model

= Provide reduced, but acceptable fidelity

Why

= Enable simulation of FEA models in Simulink
= Perform hardware-in-the-loop testing
= Develop virtual sensors, Digital twins

= Enable desktop simulations for orders-of-
magnitude longer timescales

Reduced order
modeling

Fidelity

Full-order model CFD/ CAE/FEA

o Full-order model

.
~
-
~

*4 Reduced order model
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Speed

ROM
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component 1

First-principles based

First-principles based |——-

component 2

component 3
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How ( Inputs Outputs |
Ambient Temperature - ‘ Max Displacement

I Al-Based Ambient Pressure :
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Example overview

4\ MathWorks

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

SIMULINK®

Visualization

Ambient Conditions
Temperature and N i

pressure

conditions —  Controller

|—> Nonlinear MPC

*VV

Visualization

FEA model to compute
maximum tip
displacement

High-fidelity - Jet Engine Turbine Blade

Closed-loop temperature control

10
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Example overview
Replacing a high-fidelity jet engine turbine blade model with an Al-based reduced order model
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1100

1000

900

800

700

Not suitable for control design and HIL testing )

tip displacement s
x\[/y = 11

300




4\ MathWorks

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

SIMULINK® ’

Visualization

P
_> Il

> Visualization

Ambient Conditions

—  Controller >

High-fidelity - Jet Engine Turbine Blade

Inputs Outputs
Ambient Temperature - ‘ Max Displacement
Ambient Pressure
Cooling Temperature

Al model

e

Nonlinear MPC
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Introducing Simulink Add-On for Reduced Order Modeling

Create Al-based reduced order models (ROM) Reduced Order Modeling with MATLAB and Simulink

Create Al-based reduced order models

Download add-on (beta) "4 esuced e Mo o mecl . . E ’Lf oD x
i 0 %) a3

modeled in Simulink, including full-ord -
for system-level desktop simulation, hi -

Set up Design of Experiments (DoE) Simulink Ad-On forReduced Orde M ced Order Modeler-App— -

With Simulink Add-On for Reduced Ord

Signal  Min Max

+ Set up the design of experiments af

Generate input-output data from full-order, high- + “Train and compare A based reducl s
fldellty su bSyStemS + Export Al-based surrogate models i 2 Ewm‘«\sm L

+ Export reduced order models as Fur
Simulink Compiler)

Train and compare Al-based reduced order models
using preconfigured templates

Session opened, Full_model ROMSession_final mat

( Reduced Order ROM
‘ Modeling &>

Full-order model
CFD/CAE/FEA

Export trained reduced order models into Simulink
or outside of Simulink through FMUs

—: First-principles based ——»]

component 2 component 3

Reduced Order Modeling with MATLAB and Simulink 13
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Generate data for training

Physical system

Data Preparation

4 letEngineBlade * - Simulink academic use

SIMULATION MODELING

FORMAT

Hopen ~ EE Stop Time — =
=] N 4 =] 4 @ b 2
v S Pt~ Browser Table 5 Fast Restart Back ¥~  Forward Inspector  Analyzer  Manager
FILE LIBRARY PREPARE SIMULATE REVIEW RESULTS ry
=] JetEngineBlade
©]
Ambient pr— Ambient Ambient Input &
Ambient Temperature
T TRa D)
Cooling Input &
Cooling Cooling D
Cooling
Caoling Temperature s——(4 )
9 Pressure Input &
Pressure Pressure )
- Pressure e ) .
Mas Displacement
Pressure

High-fidality Model

M7% FixedStepAuto

Simulink/Simscape

4\ MathWorks

14



Synthetic Data Generation

Design of Experiments

Response

Max Displacement

Input features
Ambient Temperature
Ambient Pressure
Cooling Temperature

Data Preparation

Signal | Min Max
1 | Ambient 800 2000
2 |Cooling 50 250
3 |Pressure 450000 550000

experiments

Run

Log data simulations

N

Max Disgiacemen|

4\ MathWorks

Input
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Synthetic Data Generation
Design of Experiments

4\ MATLAB R2023b

HOME

INSERT

@ C:}' T [ Find Files & @ L

VIEW

E& L Analyze Code L:ij m {©) Preferences & @ % Community

K

New New  New Open ([ Compare Import Clean B sove Workspace ¢ oo, EP puoancine simuiink | Loyout L3 SEtPath g 0 | e (= Request Support
Script LiveScript ¥ v Data Data [27 Clear Workspace v v [%# Clear Commands ¥ v il araltel » - v [ Leam MATLAB
FILE VARIABLE CODE SIMULINK ENVIRONMENT RESOURCES =
<G Eal E T » C > Documents » ROMSeminar - P
Current Folder ® | [S] Live Editor - C:\U: OneDrive - D MATLAB\Add-Ons\Toolboxes\Reduced Order Modeling Support Package\doc\GettingStarted_ ROMSpkg.mhx ® x
[ Name Size ~ | GettingStarted ROMSpkg.mbc 3¢ | + |
Getting Started with Reduced Order Modeling Support Package
What Is Reduced Order Modeling?
Reduced order modeling is a technique for simplifying full order high-fidelity models by reducing their computational complexity, while preserving their dominant behavior. Working with a reduced order model (ROM)
can simplify analysis and control design.
Why Use Reduced Order Modeling?
Using reduced order modeling techniques, you can:
= Enable use of 3rd party FEA/FEM/CFD models for system-level si ion in the-loop testing — You can combine multiple complex component-level models, including
third-party finite element method (FEM) or finite element analysis (FEA) models, into system-level simulation models in Simulink by replacing the complex models with the corresponding ROMs. ROMs are also
useful for hardware in the-loop testing as they allow real-time simulations. Engineers can create ROMSs representing the physical components of the system, which can run on a real-time machine for testing of
the control algorithm on embedded hardware. The reduced computational complexity of ROMs make such testing more feasible.
= Create virtual sensors — You can use ROMs as virtual sensors for estimating or predicting signals of interest when measuring those signals by using a physical sensor is impractical or impossible.
= Perform control desigh — The reduced complexity of ROMs can make control design tasks more tractable. You can design your controller for the reduced order model of a plant and then validate the
controller on the original high-fidelity system. You can also use ROMs for control algorithms that require internal prediction models, such as nonlinear model predictive control.
= Create digital twins — You can create or simplify digital twin models using ROMs. Doing so makes the digital twins more computationally efficient and more suitable for periodic updates to represent the
current state of the operational asset.
Reduced Order Modeler App Workflow
Detatls 3 The general workflow of the Reduced Order Modeler app involves logging data from a Simulink model and using that data to train a ROM. It includes the following steps.
Workspace
Name « Value
Replace Blocks

fe >>

Data Preparation

Create Reduced
Order Model

Specify
Experiments

Select Inputs
and Outputs

inSimulink
Model

Open Model
and App

Export Model

Run Model

Command Window

4\ MathWorks
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Data-driven ROM
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[
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ROM

J_
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N

W

Al Modeling

Look up table

etc.

Surface Fitting

LSTM

Neural State Space
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NLARX models

etc.
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4\ Reduced Order Modeler-JetEngineBlade - a X

REDUCED ORDER MODEL it o] Rizilng

Tod % & & D 0w ® | e

New  Open  Save Edit New Simulation Run Open LSTM Monlinear  Neural State Export
Session Session Session | Inputs/Cutputs | Experiment Options  Simulations Results MNetwork ARX Space
FILE INPUTS/OUTPUTS COLLECT DATA CREATE MODEL EXPORT a

~ Inputs/Outputs ment | Result: Experiment_1 x

« ROM Input
JetEngineBlade/High-fidelity Model/First Order Hold:1({Ambient_input)
JetEngineBlade/High-fidelity ModelFirst Order Hold1:1(Cooling_input)

JetEngineBlade/High-fidelity ModelFirst Order Hold2:1(Pressure_input) « Ambient Tem peratu re
7 ROM Output « Cooling Temperature
JetEngineBlade/High-fidelity Model/MATLAB Function:1{maxDisp) I n p uts . Pressure
~ Simulation Input
JetEngineBlade/Ambient Temperature: 1(Ambient)
JetEngineBlade/Cooling Temperature:1{Cooling) l
JetEngineBlade/Pressure: 1{Pressure)
Sequenceinput Output is used with next time step
sequencelnput...
h 4
Istm
IstmlLayer
\ 4
X I 2
~ Experiments . fc
Name # Sims Results fullyConnected
Experiment 1| Data
Experiment_1 1| Data
h 4
fc2
fullyConnected..

|

: Al-based ROM using LSTMs
\:23!25321‘:‘;3; Capture time dependencies in time-series data

Outputs » Max Displacement

Al Modeling

| Session opened, engineBlade_ROMsession_resulis. mat




EngineBlade = O

REDUCED ORDER MODEL [ESINNIF-alol R -Vlky

[[] Show output only
Simulation Result of 1 !

[[] Show as scatter plot

SIMULATION RESULTS OPTIONS

»l

~ Inputs/Outputs Overview » | Result: Experiment ¥ = Result: Experiment_1 X || Experiment_1 »
~ ROM Input
JetEngineBlade/High-fidelity Model/First Order Hold: 1{Ambient_input)
JetEngineBlade/High-fidelity Model/First Order Hold 1:1(Cooling_input) Input: Ambient_input "::,“ E @@\ @\ @
JetEngineBlade/High-fidelity Model/First Order Hold2:1(Pressure_input) 2000
~ ROM Output 1800
JetEngineBlade/High-fidelity Model/MATLAB Function: 1(maxDisp) 1600
~ Simulation Input 1400
JetEngineBlade/Ambient Temperature: 1{Ambient) 1200
JetEngineBlade/Cooling Temperature: 1(Cooling) 1000 | | | | | | | | | |
JetEngineBlade/Pressure:1(Pressure) 0 02 04 06 0.8 1 12 14 16 18 2
time (sec) x10*
Input: Cooling_input
250 =
200 '
150 '
100
50 | 1 | | | | | | | J
0 0.2 04 0.6 0.8 1 12 14 1.6 18 2
time (sec) x10*
~_Experiments x10° Input: Pressure_input 2, = ME QR
Name # Sims Results 55
Experiment 1|Data
Experiment_1 1|Data .
[} 45 | | | | | | |
0 0.2 04 0.6 08 1 12 14 16 18 2
time (sec) x10°
3 x10? Qutput: maxDisp
15 | | | | | | | | | J
o 02 04 06 08 1 12 14 16 18 2
time (sec) x10°
L] Session opened, engineBlade_ROMsession_results.mat
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Name # 5ims Results E OUtpUt Network (g)

Experiment 1| Data

K| &

Experiment_1 1| Data

Al-based ROM using Neural State Space (also known as Neural ODE)
Create Deep Learning-based nonlinear state-space models

Al Modeling

L Session opened, engineBlade_ROMsession_resulis. mat
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= O H ¥ & & D> O ® B8 @& e

New Open Save Edit New Simulation Run Open LSTM Nonlinear  Neural State i Export
Session Session Session | Inputs/Outputs | Experiment Options Simulations Resuits Network ARX Space
FILE INPUTS/OUTPUTS COLLECT DATA CREATE MODEL EXPORT A
~ Inputs/Outputs i |Z| Overview » Result: Experiment ¥ | Result: Experiment_1 X | Experiment_1 »
~ ROM Input

JetEngineBlade/High-fidelity Model/First Order Hold: 1{Ambient_input)

JetEngineBlade/High-fidelity Model/First Order Hold 1:1(Cooling_input) Input: Ambient_input

JetEngineBlade/High-fidelity Model/First Order Hold2:1(Pressure_input) 2000
~ ROM Output 1800
JetEngineBlade/High-fidelity Mode/MATLAB Function: 1(maxDisp) 1600
~ Simulation Input 1400
JetEngineBlade/Ambient Temperature: 1{Ambient) 1200
JetEngineBlade/Cooling Temperature: 1(Cooling) 1000 | | | | | | | 1 i |
JetEngineBlade/Pressure:1(Pressure) 0 0.2 04 06 08 1 12 14 16 18 2
time (sec) x10*
Input: Cooling_input
250 P g_inp!
200 '
150 '
100
50 | | | | | | | | | J
D? 0 02 0.4 0.6 0.8 1 12 14 16 1.8 2
time (sec) x10*
= Expainsit x10° Input: Pressure_input
Name # Sims Results 55
Experiment 1| Data
Experiment_1 1|Data ‘
45 | | | | | | |
0 0.2 04 0.6 0.8 1 12 14 16 18 2
time (sec) x10*
x10°? Output: maxDisp

0 0.2 04 0.6 08 1 1.2 14 1.6 18 2
time (sec) x10*

1] Session opened, engineBlade_ROMsession_results. mat
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Al libraries in Simulink are expanding to include more Al blocks for

more applications
4 oo )
Specialized

I I Bboxes [»
CREPE Postprocess "CREPE Praprocess Oaep Pitch Estimator OpenL3 ) Image ‘
: I_ @ Labels [

L o e v [
e T i — o T Deep Learning Object Detector
s o i ..
Computer Vision

Toolbox )

x vty x ity x ity
RegressionEnsemble Predict RegressionGP Predict RegressionLinear Predict
x it B yith x ith
Hmage yored b Yinput ot ) IDNLARX MODEL |y
RegressionNeuralNetwork Predict RegressionSYM Predict RegressionTree Predict
Nonlinear ARX Model
o] . et N el . el Image Classifier Predict
o T Ju NEURAL SS MODEL y[»

uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

OC Predict cl Cl ct
™ i N i - Yot @ ored p Yot @ ot Neural State Space Model

ek e featontiee redit — | — . .
System ldentification

Statistics and Sarta sty
Machine Learning Toolbox Deep Learning Toolbox Toolbox )

g
Simulation & Test
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ntegration of trained Al models into Simulin

LIVE EDITOR INSERT VIEW Search Documentation Il &

,_—1’}' | E L Compare @u <@ |Aaj Normal ¥ E L& Refactor v Section Break d
Kiw Open ‘Save. B Pant sl o {@UFind 7e¢ B I UM Code ! Contoll ek Run S e I T o
>4 >3 ¥ &= Export ¥ 50 W Bookmark ¥ E = = 54 Section Run to End
FILE NAVIGATE CODE SECTION RUN =
S HGIE T ¢ D » RO inar » Si ionAndi 0
Current Folder ® | [&] Live Editor - Experiment2_training1.mix ® x
1 Name Size ~ | GettingStarted_ROMSpkg.mlx | Experiment2_trainingl.mbx > | turbineblade_examplem < | + |
£ MAT-file -
[H turbineblade_trainedNSS.mat 17KB Experiment to train a NSS model
E turbineblade_validationData.mat 126 KB
[ turbineblade _trainedLSTM.mat 146 KB Train a NSS model. Hyper-parameters for training are:
= Simulink Model 4 =
%] JetEngineBlade_Al.sh 96 KB = NumberInputlags - The number of lagged inputs to use, an integer >= 0
= NumberQutputlags - The number of lagged outputs to use, an integer >= 0
= NumberLayers - The number of layers in the MLP, an integer > 0
= NumberUnits - The number of hidden units in each layer, an integer > 0
= SampleRate - Sample rate of the model, a real > 0
The tuning follows the following automated steps:
1. Extract and resample the training data
2. Train the NSS model
3. Evaluate model on test data (if available)
1 function output = Experiment2_trainingl(params,monitor)
2
3
Details A o I
5 % TestSplit - For multiple data sets the percentage of data sets to use
Workspace 6 % for testing, a double in range [© 100]. The test data sets are selected
Name ~ Value 7 % randomly from the available data sets.
trainingOutputhtm Ix1 struct 8 testSplit = 2e;
|-E] trainingOutput_nss Tx struct 9
10 % BatchSize - The number of data points to use when converting signals into
11 % min-batches, i.e., collections of smaller signal segments. Al
i P RN
®

Command Window

e >>

Simulation & Test -




Integration of trained Al models into Simulink

Simulink Profiler

4\ MathWorks

Path Time Plot (Dark Band = Self Time) Total Time (s) Self Time (s) Number of Calls
“ JetEngineBlade Al [ | 1.807 2014
» LSTM | 0.000 0
Scopel [ ] 3.895 1004
| > Meural State Space Model 0.000 0
From Workspacel 0.008 1003
Frr— Té'l"ﬁﬁérami!‘ ............................................................ e s
E&mm TEHE:;raturE .............................................................. | ooy
Pressure 0.001 1003
» MNormalizel 0.000 0
» Denormalizel 0.000 0
» Denormalize 0.000 0
» Normalize 0,000 1]

Neural state-space model is
approximately 1e6x faster than the
FEA model

Simulation & Test

24



System-level simulation
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’i SystemLevelSim_JetEngineBlade - Simulink academic use - ] X
SIMULATION DEBUG MODELING FORMAT APPS (v}
™y Open ~ ]| - Stop Time | 7000 = _ iR
o+ e : = g @ P % [
New &l save -~ Library Signal v || Normal - Step B Step Data Logic Simulation h
~ = Print - Browser Table @ Fast Restart Back « - Forward Inspector Analyzer Manager
FILE LIBRARY PREPARE SIMULATE REVIEW RESULTS -
<« SystemLevelSim_JetEngineBlade *  Reduced order model )
@
Q
E3
=
5|
- >
1| | Ambient Conditions
> P Visualization
—P
Visualization
»  Controller >
— r
Jet Engine Turbine Blade
Nonlinear MPC
i N
»
Ready 169% auto (Fixed StepDiscrete)

Simulation & Test -
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Deploy to target with zero coding errors

& o [
Any CPU oneDNN ARM Compute
No Library needed Library Library

© =
NVIDIA.

- Ly

- life.augmented

I3 TEXAS

INSTRUMENTS
@ l ZYNQ \

Deployment -
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Generate Library-Free C/C++ Code for Deep Learning Networks

Library-Free ‘ E x "l
Source Code Any CPU ’. T life.augmented
Inc. ARM Cortex-M INSTRUMENTS

Deployment
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Generate Library-Free C Code for Deep Learning Networks

"i JetEngineBlade_NSS * - Simulink academic use

SIMULATION MODELING FORMAT

&b 2 o) o

g

s = L

(] X

Get Linearization Model Control System Parameter Response Embedded Simulink Sensitivity Variable Scaling Load-Flow
Add-Ons ~ Manager Linearizer Designer Estimator Optimizer Coder Test Analyzer Analyzer Analyzer
ENVIRONMENT APPS a
g JetEngineBlade_NSS fricsss] ¥
& @ 2
{i g
2
3
=
max_disp_val
High-fidelity model response
ambient_val b
(] - Ambient
Ambient Temperature
cooling_val > Denormalized - Normalized P u NEURAL SS MODEL y P Normalized Denormalized
Cooling NSS
Cooling Temperature
Normalize Denormalize
ressure_val >
P - Pressure %
Pressure
7}
»
131% FixedStepAuto

Ready

Simulation & Test

4\ MathWorks
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Hardware-in-the-loop simulation
System-level integration and test

Visualizati
Ambient Conditions ‘
y o
Controller yo
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

Deployment

4\ MathWorks
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Hardware-in-the-loop simulation

MODELING
kv ,. @ @ E Code for % M 4

Generic Quick | C/C++ Code Settings Code : _NSS Build Open Report | Verify | Share
Code-C Start Advisor ¥ v Interface v v v Code >,

OUTPUT ASSISTANCE PREPARE GENERATE CODE RESULTS VERIFY | SHARE Y
g <« JetEngineBlade_NSS = 3
IR :
§ 3

Q ¥
a g
==
E
&)
O
N max_disp_val
High-fidelity model response
ambient_val > »>
Ambient
. »
Ambient Temperature
cooling_val > Denormalized | -Normalized u NEURAL SS MODEL y »|Normalized  Denormalized
Cooling = NSS
Cooling Temperature
Normalize Denormalize
pressure_val
Pressure
Pressure
]
B
- nm

Code Mappings - Component Interface

Ready

auto(FixedStepDiscrete)

Deployment

4\ MathWorks
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Use ROMs outside of Simulink for development

Development

C Source Simulink
Code Real-Time

Speedgoat

hardware
Simulink
Compiler

3p

CAE tools
Learning
Toolbox

Deployment

31
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Manage Al tradeoffs for your system

LSTM Neural State

Long Short-Term Memory S p ace
Network (Neural ODE)
Training Speed O
Interpretability O
Inference Speed O
Model Size »
Accuracy (RSME) O O

Results are specific to Jet Engine Blade Example

Better @ Okay Worse @

32
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SUBARU Uses Al Surrogate Model to Reduce
Transmission Control System Analysis Time

| ®AIYOS— ETILOER ETILEHRE
Using MATLAB, engineers at Subaru developeda TR ORIV, 3R MATLAB T
surrogate Al model to optimize transmission hydraulic v HESIEIEBEIS R N/ (SA—FHH AT U, SRR LT
. . 0 . . : : " : NKVT+ER Y
systems, achlevmg_a_ 99% _reductlon In calculation times i T Rl
compared to the original third-party 1D model. 4 o corome.
739F  yrsLR-RE. Rk
- enlE Sy - fﬁﬁd).f‘;' .etc
Key Ou_tcomes/Advant_ag es: o ; s BT S
= Achieved a 99% reduction in calculation time | 1 S bz T Y
. . ~ LI ) Ll LR *1
compared to the original 1D model | : s o 3
= Constructed Al surrogate model in MATLAB that can — -
. . . The Al surrogate model for studying selective control was built
reproduce waveforms with arbitrary current, oil completely in MATLAB.

temperature, and source pressure readings

= Accurately reproduced waveforms, even in oil
temperature ranges where the model has not been
trained

The Al model can now reproduce waveforms at any
source pressure, oil temperature, and current. The
calculation time can be significantly reduced while
ensuring the accuracy of hydraulic waveforms.
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https://www.mathworks.com/company/user_stories/subaru-uses-ai-surrogate-model-to-reduce-transmission-control-system-analysis-time.html

Key Takeaways
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Reuse of full-order high-fidelity models for system-level simulations, Hardware-
in-the-Loop (HIL) testing, nonlinear control design, and virtual sensor modeling

Various ROM techniques in MATLAB to find the best method.

= Generate synthetic data from Simulink

= Train Al Models to replace FEA model that
computes tip displacement of a jet engine blade

= Integrate trained Al model into Simulink for
control design and system-level simulation

= Generate C code and perform HIL tests

SIMULINK"
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Controller
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Visualization
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