MATLAB BEXIPO

AIAFSimulink#=ZBYpY BE R 77 75 FA R

115

Al for Simulink Model Reduced Oro
and Application Scenarios

XI61% MathWorks

<) MathWorks

er

odae

[/

1N




YRR

i
LIH

fr o =R B R ?
R R S R A R — PR
FEiRE A VOB S I R RS

w R AEITIRE REM
- RRGREETE
= Hardware-in-the-loop testing
= Enable system-level simulation
- HREMUERRS, BFEF
- FEFhg T (1R BRI FUEE D

MATLAB EXPO

Full-order model CFD/ CAE/FEA

Reduced order * e Full-order model

modeling

Fidelity

*4 Reduced order model
O

-
L

Speed

ROM

K

component 1

A 4

First-principles based |——

A 4

—| First-principles based

component 2 component 3



FRRIBERN : Overview

YIB A G /IT TR
" B /ﬁfﬂjw\lm‘n
%75 75180DEs - EEAei— A 712PDES

RO OLIO)
AORRRCLIO)

Model reduction

Q

PR fE B ODE

a0 "AaOh)
®(© "Q(am©)
EEDEDXEID

‘O

0(0)

MATLAB EXPO

- I Ell(91 0@




Reduced order
model

Physics-based

E]
R
b
u
C
ul

o

FEM-Parametrized
PMSM

MATLAB BXIPPO

Simulink, Simscape products, Simulink Design
Optimization

EIF1 §
=

Simulink, Simscape Multibody, Simscape
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https://www.mathworks.com/matlabcentral/fileexchange/86063-modeling-systems-governed-by-pdes-in-simulink
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Solve Finite Element Analysis Workflows with PDE Toolbox
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Geometry Preprocess Solve Postprocess

heatsink = createpde('thermal','transient'); % aluminum alloy 6060 T6 thermalIC(model, Tambient);
mtl = thermalProperties(heatsink,... R = solve(model,0:60:7200);
'ThermalConductivity',210,
geom = importGeometry("heatsink.stl"); 'MassDensity', 2710,

'SpecificHeat',900);

generateMesh(heatsink) , Forced Convection BC
Free Convection BC

sysMats = assembleFEMatrices(heatsink)

ans = sysMats =

K: [24410x24410 double]
[24410x24410 double]
[24410x1 double]
[24410x24410 double]
[24410x1 double]
[1x24410 double]
[24410x1 double]
[244106x24410 double]

0.015
0.015

FEMesh with properties:

0.01
0.01
0.005
0.005

Nodes: [3x24410 double]
Elements: [10x12840 double]
MaxElementSize: 0.0017
MinElementSize: 8.4006e-04
MeshGradation:
GeometricOrder:

-0.005

/ 0 -0.01

-0.01
-0.02

-0.03

-0.005

ZTEXIOO MDD

-0.01

freeBC = thermalBC(heatsink, 'Face',freeBCfaces, 'HeatFlux',1); Statistics & ML Toolbox
forcedBC = thermalBC(heatsink, 'Face',forcedBCfaces, 'HeatFlux',1); Deep Learning Toolbox

Model Based Calibration Toolbox




MATLAB EXPO

]

LSH

YRR

0 descriptor state-space block AJLLSEIR7ESimulink s

0 LA HMblock3k 45k BCs, sources, sinks, etc.

sysMats = assembleFEMatrices(heatsink)

sysMats =

~

TAXTOHO T

: [[24410x24410 double]] ~1 day to simulate 100 s

[24410x24410 double]
[24410x1 double]
[24410x24410 double]
[24410x1 double]
[1x24410 double]
[24410x1 double]
[24410x24410 double]

h{E FHODEXEE

)

Fan Air Flow

Forced Convection BC

hK(T —T,,)

Free Convection BC

K(T = Tyy) [* 7

CPU Heat Generation

Ex = Ax+ Bu
y=Cx+Du | T
s A=-K
Heat Flow State Space | 5, _
s C=1
= D=0
s E=M


https://www.mathworks.com/help/releases/R2021b/simulink/slref/descriptorstatespace.html
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reduce()
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https://www.mathworks.com/help/releases/R2021b/matlab/ref/eigs.html
https://www.mathworks.com/help/releases/R2023b/pde/ug/pde.structuralmodel.reduce.html
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Selection 248 B KR5S Bl S B4 freqsep ()

Approximation  #ZH#ksT B/ EE  balred ()

Reduce without approximation minreal ()

Simplification
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% Error Compared to Full Fidelity
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nsims = 108;
in(1:nSims) = Simulink.SimulationInput(mdl);

for i
in(i) =

end

out = parsim(in,

P2

= 1:nSims
setBlockParameter(in{i), [mdl '/Heat Generation'],

VAN

IR TR BY i1

'TransferBaseWorkspacevVariables',

T

'ActiveScenario', ['Scenario’

‘on');

openSimulationManager (in, out)

[B8-Jun-20821
[B8-Jun-20821
[B8-Jun-20621
[B8-Jun-26821
[B8-Jun-20621
[B8-Jun-20821
[B8-Jun-26821
[B8-Jun-20621
[B8-Jun-20821

[B&-Jun-2021
[B&-Jun-2021
[B&-Jun-2021
[B&-Jun-2021
[B8&-Jun-2021 1

: +45’£&TEI¢EUA%1%

: ~5% FEIRERIITR (c. 1% error#10 /B EBTE])

Starting Simulink on parallel workers...
Loading project on parallel workers..

Configuring simulation cache folder on parallel workers.

Loading model on parallel workers...

Transferring base workspace variables used in the model
Running simulations...

Completed 1 of 1808 simulation runs

Completed 2 of 100 simulation runs

Completed 3 of 100 simulation runs

Completed 97 of 108 simulation runs
Completed 98 of 108 simulation runs
Completed 99 of 1088 simulation runs
Completed 100 of 188 simulation runs
Cleaning up parallel workers.
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Simulink, Simscape products, Simulink Design

Optimization

Model-based
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Linearization

Simulink, Simscape Multibody, Simscape

Reduced Order

Flexible Solid

F2fn Electrical, Partial Differential Equation Toolbox,
Control System Toolbox

Simulink, Simulink Control Design, Control
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Simulink, Curve Fitting Toolbox,
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Simulink, Statistics and Machine
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Toolbox, System Identification
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Data-driven ROM
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SIMULINK

Visualization
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P> Visualization

Ambient Conditions

Temperature and Ly
pressure FEA model to compute

conditions —  Controller »o maximum tip
displacement

High-fidelity - Jet Engine Turbine Blade
Nonlinear MPC

Closed-loop temperature control
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High-fidelity - Jet Engine Turbine Blade
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Ambient Temperature - #
Ambient Pressure
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Al model
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] F & AU FE Y BY Simulink Add-On

SIZETAIREMEE(ROM)

Set up Design of Experiments (DoE)

Generate input-output data from full-order, high-
fidelity subsystems

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

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

Products and Services Mat o}

Reduced Order Modeling with MATLAB and Simulink

Create Al-based reduced order models

Download add-on (beta) B4 e st on ) - e
L E L N

Simulink Add-On for Reduced Order M-
modeled in Simulink, including full-ord|
for system-level desktop simulation, hj - «

ced Order Modeler-App— -

With Simulink Add-On for Reduced Ord ,

+ Set up the design of experiments af
+ Train and compare Al-based reduce " ., ...
- Export Al-based surrogate models & eaas o

+ Export reduced order models as Fur
Simulink Compiler)

Session opened, Full_model ROMSession_final mat

( Reduced Order ROM
‘ Modeling &>

Full-order model
CFD/CAE/FEA

—: First-principles based ——»]

component 2 component 3

Reduced Order Modeling with MATLAB and Simulink 18



https://www.mathworks.com/products/reduced-order-modeling.html
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4 letEngineBlade * - Simulink academic use - o b4

SIMULATION MODELING FORMAT

ED:' [ 0open ~ Eg X X = Stop Time Qg @ HD' = ﬁ

New Elseve - Library Signal M Step Run Step  Stop Data Logic Simulation | ™
~ B Print v Browser Table WP Fast Restart Back ~ - Forward Inspector Analyzer Manager
FILE LIBRARY PREPARE SIMULATE REVIEW RESULTS ry
=] JetEngineBlade
®

Amblent

i Pl

Ambient Temperature

Cocg o

Cooling Temperature

2 Cootng 1ot g &)

O

TR D)

Pressure Input

Pressure Pressure )
- Preseure e J !

Max Displacement

Pressure
High-fidelity Model
(@
»
| _Ready 1% FixedStepAuto

Physical system Simulink/Simscape

Data Preparation
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Design of Experimentss X

2 |Cooling 50 250
3 |Pressure 450000 550000

experiments

Input features Response R
Ambient Temperature Max Displacement Log da‘[a . Ur!

Ambient Pressure simulations
Cooling Temperature

Data Preparation
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Design of Experimentss h

4\ MATLAB R2023b

INSERT

@ o 3 [ Find Files & @ £, Variable ¥

VIEW

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

New New  New Open ([ Compare Import Clean o saveWorkspace o EP LA Simulink | Layout L3 PN 4400 Hep ) Request Support
Script LiveScript ¥ v Data Data [27 Clear Workspace v v [%# Clear Commands ¥ ~ [l Paraitel ~ - - Learn MATLAB
FILE VARIABLE CODE SIMULINK ENVIRONMENT RESOURCES =
<G Eal E T » C > Documents » ROMSeminar - P
Current Folder ® @ Live Editor - C:\U: OneDrive - D MATLAB\Add-Ons\Toolb: Reduced Order Modeling Support Package\doc\GettingStarted_ROMSpkg.mix ® 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 sii ion in Simuli i i 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. ROMSs 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
Details (42 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

fe >>

Data Preparation

Replace Blocks
inSimulink
Model

Create Reduced

Specify
Order Model

Experiments

Select Inputs
and Outputs

Open Model
and App

Export Model

Run Model

Command Window

MATLAB BXIPPO
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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




4\ Reduced Order Modeler-JetEngineBlade - a X

= 8 | ¥ & & D> U & B|@& £3

o]

New  Open Save Edit New Simulation Run Open LSTM Monlinear | Neural State Export
Session Session Session | Inputs/Cutputs | Experiment Opticns  Simulations Results Network ARX Space
FILE INPUTS/OUTPUTS COLLECT DATA EXPORT ry
~ Inputs/Outputs i |Z| Overview » | Result: Expe it 1 ox
+ ROM Input

JetEngineBlade/High-fidelity Model/First Order Hold:1{Ambient_input)
JetEngineBlade/High-fidelity ModelFirst Order Hold1:1(Cooling_input)
JetEngineBlade/High-fidelity Model/First Order Hold2:1(Pressure_input)
~ ROM Qutput
JetEngineBlade/High-fidelity Model/MATLAB Function: 1{maxDisp)
~ Simulation Input

JetEngineBlade/Ambient Temperature: 1(Ambient)
JetEngineBlade/Cooling Temperature:1{Cooling)
JetEngineBlade/Pressure: 1{Pressure)

%«4
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My
X
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XXX
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f
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:

~ Experiments

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




4\ Reduced Order Modeler-JetEngineBlade

REDUCED ORDER MODEL it o] Rizilng

Pad| % B & D O @(@)® TE

New  Open Save Edit New Simulation Run Open LSTM Monlinear §Neural State Export
Session Session Session | Inputs/Cutputs | Experiment Opticns  Simulations Results Network ARX Space
FILE INPUTS/OUTPUTS COLLECT DATA ODEL EXPORT ry
~ Inputs/Outputs S| Overview 2sult: Experiment_1 =
+ ROM Input

JetEngineBlade/High-fidelity Model/First Order Hold:1({Ambient_input)
JetEngineBlade/High-fidelity ModelFirst Order Hold1:1(Cooling_input)
JetEngineBlade/High-fidelity Model/First Order Hold2:1(Pressure_input)

~ ROM OQuiput

JetEngineBlade/High-fidelity Model/MATLAB Function: 1{maxDisp)

~ Simulation Input
JetEngineBlade/Ambient Temperature: 1(Ambient)
JetEngineBlade/Cooling Temperature:1{Cooling)
JetEngineBlade/Pressure: 1{Pressure)

Regressors
Ut ult-1) w10, ...

Current input and f
inputs and outpuf

~ Experiments

Name # Sims Results
Experiment 1| Data
Experiment_1 1| Data

Qutput Function

Monlinear
Function

Linear
Function

Al-based ROM using Nonlinear ARX

nonlinear functions

Extend linear models and model nonlinear behavior using flexible

Session opened, engineBlade_ROMsession_resulis. mat
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TensorFlow-Keras Import

ONNX Converter (Import & Export)
TensorFlow Converter (Import)
TensorFlow Converter (Export)
PyTorch Converter (Import)

R2017b
R2018a
R2021a
R2022b
R2022b

1 TensorFlow

— ¢

M H Lo eEE-r -
MAFI AB DNNX

‘\\\\\ 4

O PyTorch

MATLAB EXPO
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Integration of trained Al model into Simulink

Al
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L 2
ambient_val >
- . LSTH
et seful 2 Normalizad ¢ E]
Ambient Temperature
T
cooling_val Nomalize1 = Denormalize1
Cooling
Cacling Temperature
pressure_val > | Denommalized  Normalized |- u NEURAL S§ MODEL y anmauz;m Benomatized |-
- Pressure NSS
Pressure
Normalize Denormalize
=
B
»
By = [y

System-level simulation

MATLAB EXPO

’—. Nonlinear MPC

High-fidelity - Jet Engine Turbine Blade

® [
Q
<]
=
]
. . > Visualization
Ambient Conditions
. »
N
»  Controller »

Simulation & Test

FuedShine
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LIVE EDIT!

OR INSERT VIEW

MATLAB BXIPPO

,_—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 =
C EHQlE T o » RO inar » And v P
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

fx >>

Simulation & Test
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£ iR 2l Simulink g
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Simulink Profiler

I

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
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Verify Deep Neural Network
Robustness for Classification

Estimate Deep Neural Network
Output Bounds for Regression

Build Safe Deep Learning Systems
with Runtime Monitoring

Case Study: Verifying an

Airborne Deep Learning System

Deep Learning Toolbox Verification Library

Products and Services

MATLAB EXPO

Deep Learning Toolbox Verification Library

Ensure robustness and reliability of deep neural networks

Download support package

As deep neural networks become part of engineered systems, particularly
safety-critical applications, it is crucial to ensure their reliability and robustness.
Deep Learning Toolbox Verification Library lets you rigorously assess and test
deep neural networks.

With Deep Learning Toolbox Verification Library, you can:

+ Verify properties of your deep neural network such as robustness to
adversarial examples

+ Estimate how sensitive your network predictions are to input perturbations

+ Create a distribution discriminator that separates data into in- and out-of-
distribution for runtime monitoring

+ Deploy a runtime monitoring system that oversees network performance with
your network

+ Walk through a case study to verify an airborne deep learning system

%

Simulation & 7es5t

earning Toolbox Verification Library
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SIMULINK®

Ambient Conditions

Cost function Constraints

\ 4

\ 4

Optimizer \

\ Prediction

model

Nonlinear MPC

Visualization

Jet Engine Turbine Blade

Neural state space model

Visualization

Simulation & Test
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»  Controller >
— r
Jet Engine Turbine Blade
Nonlinear MPC
- N
»
Ready 169% auto (Fixed StepDiscrete)
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Deploy to target with zero coding errors
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Any CPU oneDNN ARM Compute
No Library needed Library Library
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Use Embedded Coder to Generate Code for Machine Learning

foo b CIC++ ‘ E x "
o Source Code - i aumerfed
ClassificationSVM Predict Any CPU ’ TEXAS
INSTRUMENTS
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Deployment

36



MATLAB EXPO

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

Library -Free ‘ E }K "

Source Code Any cPU i T ool
Inc. ARM Cortex-M INSTRUMENTS

Deployment
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Generate Library-Free C Code for Deep Learning Networks
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Deployment
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System-level integration and test
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Target platform Real-time computer

Deployment
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The Al surrogate model for studying selective control was built
completely in MATLAB.

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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Reduced Order Modeler App SIMULINK' :
Generate synthetic data from Simulink | [ e
L
Train Al Models to replace FEA model that L Controller .
computes tip displacement of a jet engine blade |—
Integrate trained Al model into Simulink for
control design and system-level simulation s emp -@- e
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