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Model-Based Design
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Integracia modelov A
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Digitalne vlakno

Al pre komponenty

= Zrychlenie desktopovej a HIL

simulacie
= Modelovanie dynamiky

komponentov z dat, ked
principy nie s zname

fyzikalne
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Redukovane modely

« ROM — Reduced Order Modeling

Technika redukcie vypoctovej zlozitosti alebo
pamatovych narokov pocCitacoveho modelu

Detailny del
Turbine coupled with Grid and Transformer

e

éf%;HUMUSOFT“

— zachovava oCakavanu vernost v ramci tolerovanej chyby

— zachytava zakladné chovanie systemu
Aplikacie

— urychlenie simulacie na systémovej urovni

— umoznuje simulacie na urovni systémov

— digitalne dvojca

— navrh riadiacich systemov

— testovanie simulacii typu hardware-in-the-loop

Simulation time

High-fidelity model | l|  10%

ROM 100%

Reduced-Order Model (ROM)
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Redukovane modely

Fyzikalny
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Simulink, Simscape products, Simulink Design

Optimization

Redukovany
model

FEM model

Linearizacia
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Simulink, Simscape Multibody, Simscape

Reduced Order
Flexible Solid

1™ r2m Electrical, Partial Differential Equation Toolbox,
Control System Toolbox

Simulink, Simulink Control Design, Control

Data

)
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System Toolbox
} ul
Staticky Xu2
} ud
Dynamicky
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Simulink, Curve Fitting Toolbox,
Model-Based Calibration Toolbox

Simulink, Statistics and Machine
Learning Toolbox, Deep Learning
Toolbox, System Identification
Toolbox
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Nahradenie modelu motora s ROM zalozenom na Al

SIMULINK’
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Longitudinal Driver

Controllers
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Visualization

Vysoka presnost

!

Komplexny model

!

Pomala simulacia

Engine model
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Zostrojenie aj v

nastrojoch tretich
stran
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Nahradenie modelu motora s ROM zalozenom na Al
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Passenger Car

Visualization

Vstupy
Rychlost' (RPM)
Zapalovanie
Poloha klapky
Ventil

Al model
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Engine model

Zostrojenie aj v
nastrojoch tretich
stran
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Navrh systemov zalozenych na Al

Priprava dat Modelovanie Al Simulacia a Testy

Integracia s

@ Navrh modelu a @ komplexnymi
jeho ladenie systémami

Cistenie a priprava
b &2

9 Ludské znalosti

- Embedded
‘%v" zariadenia

Trénovanie

'|>|3_-, Simulécia systému

% Podnikoveé systéemy

akceleraciou

* Interoperabilita —X Vef'f',kf’?c'aa .
— v validacia systému

¢ Edge, cloud,
desktop

Data generovane
simulaciou
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Generovanie syntetickych dat
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Environment { »
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L i Driver » Passenger Car

Help

Simulink/Simscape
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Iné pristupy:

Wireless Waveform
Generator

Unreal Engine®
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Generovanie syntetickych dat

DoE
EngTrgReq EngSpdR... SpkAdvOfst

1 60 2000 -30
| 2 128 2500 15
[ 3 94 2750 8
[ a et 2875 19
[ 5 77 2625 -1
[ s 144 2125 4
[ 7 85 26563 21

8 119 3313 28
[ 9 68 2938 21

Zmena
parametrov

Vstup Vystup : : ==
Rychlost”(RPl\./I) Moment motora Logovar"e SpUSt?nle - T 'L y [r' = j JT L
Zapalovanie S|mu|aC|e L=/ ‘ el R i [ \1

L

Poloha klapky
Ventil
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New Open Save = Go To < Text i Code Control Task “° " - Run Step Stop
v v v |=bBpot~v v [JBookmark v - v [5] &3 &¢  section {5 RuntoEnd
FILE NAVIGATE TEXT CODE SECTION RUN =
< % (51 @l 5 2/ » home » Igarcia » Documents » MATLAB » ‘ Attt A s v P
|=! Live Editor -/homellgarclalDocumentslMATLABlai-wlth-mbd-rJ SERERION Managers A= B K ® | x
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Open Save Stop Job Simulation I Reuse |
30 100 15 - Details scatter Window | li@
EngTraReq FILE SIMULATIONS | INSPECT | RESULTS | OPTIONS | ) & I?]
Simulations Figure 1 » . Plot Properties v}
Title | | ‘
Grid XY
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= -20 . ® o o= «® » . B X Label
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4000 % ®e © Ty - . oo X Limits | ¥ Auto ‘
130‘; s e , .f = -t * % & 2 . 2000 |to|4000 |
o &
2000 50 o T e e .t T % ™ + Y-AXIS
EngSpdReq EngTrgRe . @ « ® * » ° p Y
120 - ® o e o S . & =9 —_—
. % < - = y 0.o2 9 ° a e e 8 Data | EngTrqReq )|
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g 110 e R IR ° ® ® Yikabdl |E“9T’QR°‘1 I
o ) L = L o - L ] om L @l Y Limit 7 Aut
Execute Simulati B 2V " Ve Lt e T e w0
eoe @ o
xecute Simulation o R R . , e . _ ———
For this demo, the engine model is brought fr e . - oe =
- e T P & & 6 & Data | simulation Status - |
] L L R L J .
» https://www.mathworks.com/help/aut 1 e, o f,0 o e & % Label [ |
g °r sesd * o - s Li ] A
= https://www.mathworks.com/help/aut I N A v s o ° B . Hies 0 Jo[1 | MAuw
L . ™~ . L Colorma -
80 * o S e’ o .. " o 5 o P | parula(defauit) [
Default setting: Simulation Type => "Rapid A( g X Ta o . . @S . RN Nee Cotortiar. 1
& @ & « * ot
MVre & se % - * e
36 open_system( 'DoE_Engine_Test.s1» ¥ Xy ee 0 5 * 5 ¢
37 % Run parallel simulations, 300§ % vl e, PR R ; L, .
38 simout = helper.simulation(DoE, 2000 2200 2400 2600 2800 3000 3200 3400 3600 3800 4000
EngSpdReq
Starting parallel pool (parpool) usir
Connected to the parallel pool ("“"‘b4 SIMULATION DETAILS Runmngon 32 parallel workers (Speedup:19.5x) 97% (R 12sec remaining b
[10-Jun-2022 03:33:09] Checking for &
[10-Jun-2022 03:33:09] Starting Simulink on parallel workers
[10-Jun-2622 03:33:56] Loading project on parallel workers.
[10-Jun-20622 03:33:56] Configuring simulation cache folder on parallel workers. ..
[10-Jun-2022 03:34:18] Transferring base workspace variables used in the model to parallel workers...
[10-Jun-2622 03:34:20] Loading model on parallel workers...
[10-Jun-2622 03:34:53] Running simulations...
Check and Save Simulation Result .
[ Zoom: 125% |UTF-8 Col 79
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Redukované modely zalozené na datech
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ROM zalozeny
na datach
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{ Staticky ]—

g Look up tabulka

g Prelozena plocha

{ Dynamicky ]—
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Neural State Space /
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Vstupy

y

Sequenceinput
sequencelnpul. ..

h 4

Istm
Istmlayer

h 4
fc

fullyConnected

\ 4

fc2
fullyConnected..

v

b
¢J rearessionout
{ regressionLayer J

.

Vystupy

Redukovany model pomocou LSTM

= Rychlost (RPM)
= Zapalovanie

= Poloha klapky
= Ventil

= Moment motora
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Output is used with next time step
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o /

LSTM obsahuje pamatovu bunku (stav)



HOME LIVE EDITOR INSERT
fc =l N a— === i} i .| L == =3 Yy [ =T
‘ Deep Network Designer A _ O x]
Design Get M
= r 2 o
e« @@ o [ Qzoomm | 2 | (8 | &
E Live Editor New Filt = Zoom Out Auto Analyze = Export
""ROM 1 Det to View Arrange - v
l a— NETWORK | BUILD | NAVIGATE LAYOUT | ANALYSIS | EXPORT a
Layer Library Designer Data Training Properties
Input type Sequence
w It'&1Lt,‘/_L.ILcl)'|:'I \IUI IegeiTive II1|JLI|.] ~ 9 y 3
input ‘ Output type Regression
sequencelnput...
@ resize3dLayer (for scale) ! Number of layers 7
s Number of connections 6
|l resize3dLayer (for output size)
Istm
A8 @ resize3dLayer (for reference input) IstmLayer
49 M
50 m softmaxLayer
51 i [
52 E sigmoidLayer :
3 classificationLayer
54 .
- fc
55 regressionLayer g fullyConneched ‘
56
57 rpnSoftmaxLayer
58 .
rcnnBoxRegressionLayer relu
59 B B
60 > rpnClassificationLayer
£ y!
61
62 ﬁ pixelClassificationLayer ; 1 Overview
C
63 . R - . % fullyConnected.. ‘ .
64 ?ﬂ dicePixelClassificationLayer - -
—
65 yolov2OutputLayer =
66 =
regressionout. ..
67 focalLossLayer : rSﬁr:‘ssm-*La-,:w ‘ __
68
1 !
69 r ’ CLIZTUf,; + » «
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Redukovany model pomocou Neural State Space

Nelinearna stavova funkcia f a nelinearna vystupna
funkcia g su dopredné neurdnove siete, ktoré sa
ucia z dat

(znamy aj ako Neural ODE)

Output Network (g)
% Define a neural state sapce model
obj = idNeuralStateSpace(1,NumInputs=4); % no output Y in this case
%% Configure state network

obj.StateNetwork = createMLPNetwork(obj, 'state’,LayerSizes=[128 128], ...
WeightsInitializer="glorot",BiasInitializer="zeros", Activations="tanh');
Multi Iayer Perceptron (feedforward) %% Specify training options for state network
StateOpt = nssTrainingOptions('adam');
StateOpt.MaxEpochs = 90;
StateOpt.MiniBatchSize = 100;

Vy2adee Deep Learning TOOIbOX StateOpt.InputInterSample = 'pcchip’;

%% Train the system
obj = nlssest(Ucell,Xcell,obj,StateOptions=StateOpt);

networks

20 Neural State-Space Model of SI Engine Torgue Dynamics
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%% Configure state network
nssobj.StateNetwork = createMLPNetwork(nssobj, 'state', LayerSizes=[16 16],

WeightsInitializer="glorot",BiasInitializer="narrow-normal",6 Activations="'tanh');
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Neural State Space interaktivne

Estimate Neural State-Space Model > ClAutorun | @

- Estimated continuous neural state-space model for "tt1" with 1 states

~ Select data

« Estimate Neural State-Space Model

— Live Editor task O

— Interaktivha estimacia a validacia == ’ 0
Output (y) O
Validation data: Timetable (2 v |

~ Specify model structure

* Navrh modelu |
Number of states IIE{ x(6) = F(x(1), u(t))

S yt) = x(1)
Time invariant  Time domain | Continuous ¥

— tvorba struktury

~ State network

- z - Activation function \tanh v | Number of layers -;j Layer size m
— parametrizacia modelu —
Weights initializer | Glorot v | Bias initializer |Zeros v |

» ODE Solver options

— parametrizacia rieSica

~ Specify training options

Training algorithm \ADAM—'\ Gradient decay factor iog Squared gradient decay factor W

. 7 . Loss function \m\ Learn rate 0.001| Maximum number of epochs 100 :
Tvorba automatizovaného skriptu e ()
Show fit to validation data during training Validation data fit frequency

— Generovnie MATLAB kodu

~ Display results

Show fit to estimation data Show fit to validation data

» Show code

22
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Redukovany model pomocou Nonlinear ARX

Regressors
u(t), uct-1)yit-1), ...

Qutput Function

Monlinear
Function
Linear
Function

Rozsiruje linearne modely a modeluje
y komplexné nelinearne spravanie pomocou

1

» Linear regressors

* Polynomial regressors
» Periodic regressors

« Custom regressors

\ Ex: max(min(u(t — 1),100) — 10@

23

v

flexibilnych nelinearnych funkcii

Wavelet Network
Sigmoid Network

N\ VSeobecné estimatory
- ’7 -7
nelinearnych funkcii

Gaussian Process

Algoritmy strojového uCenia na

Support Vector Machine » zachytenie nelinearit

Regression Tree Ensembl /

v

Vyzaduje Statistics and Machine Learning Toolbox

Nonlinear ARX Model of SI Engine Torgue Dynamics
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LIVE EDITOR INSERT

1 = =l Compare ; - = Normal - == x| Refactor« =| Section Break
Euj 9 H i Printp E)H s Find = | - f d @ ; Run and Advance
= - - 1 F | g :
New Open Save — Go To b Text . Code Control Task *° R Run
* v v |mbBwpot~ » [JBookmark = - « [E] &5 =4  section P& RuntoEnd
FILE NAVIGATE TEXT CODE SECTION

Run

S
Step Stop

RUN

<SP Fig % 2/ » home » Igarcia » Documents ¢ MATLAB » ai-with-mbd-reduced-order-modeling »

B Live Editor - fhome/lgarcia/Documents/MATLAB/ai-with-mbd-reduced-order-modeling/Part 1 - Al Modeling/ROM_4_NLARX_SVM.mlx *

ROM_4_NLARX_SVM, mix * + |
1.2. Prepare estimation and validation data @
B8
29 % Remove startup transient =
30 nSamplesTransient = 500; =
31 U(:,1:nSamplesTransient) = [];
32 Y(1:nSamplesTransient) = [];
33
34 holdout = 0.2;
35 percentValidation = round(length(U)*holdout);
36 UTrain = U(:,1:end-percentValidation);
37 Uval = U(:,end-percentValidation+i:end);
38
39 YTrain = Y(1:end-percentValidation);
40 Yval = Y(end-percentValidation+i:end);
41
42 meanX = mean(UTrain,2);
43 meanY = mean(YTrain,2);
44
45 stdX = std(UTrain,0,2);
46 stdY = std(YTrain,0,2);
47
48 normalize = @(x,mu,sigma) (x - mu) ./ sigma;
49 [ 3
50 UTrainNormalized = normalize(UTrain,meanX, stdx);
bl YTrainNormalized = normalize(YTrain,meanY,stdY);
52
53 UvalNormalized = normalize(Uval, meanX, stdX);
54 YvalNormalized = normalize(Yval, meanY,stdY);
55
56 % Encapsulate input and output measurement data
57 zEst = iddata(YTrainNormalized',6 UTrainNormalized',6 'Ts',Ts,
58 'InputName’', {' Throttlppoqltlnn"'Wa%tpgatPVHlvp"'EnglnPSpppd';'SparkTiming'},
59 'OutputName', 'EngineTorque');
60 ZEst.Name = "EstimationData";
61
62 zVal = iddata(YvalNormalized',6UValNormalized',6 'Ts',Ts,
63 'InputName', {'ThrottlePosition';'WastegateValve';'EngineSpeed';'SparkTiming'}, ...
64 'OutputName', 'EngineTorque');
65 zVal.Name = "ValidationData",
| Zoom: 125% UTF-8 LF script Ln 28 Col 29
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Reduced Order Modeling Support Package (beta)

« Navrh a spustenie experimentov, trénovanie modelov, optimalizacia

& Radoced Order Modeler-Fult_madel - (o] x

REOUCTD ORDER MO0EL

Dverview ¥ Crpermment X Corfigae Cpereent
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Puse wamn 100

* ROM Ottt
Ful_mooes Hgn-foesty Moo MATLAS Funanon Narter of puises 02

. SEEm koS

Arrlsoct

Pune Ampitude Rarges

Ful_mooel Nroent Temrgeratoe Y Arbeert

Ful_mooed Coowng Tempentae 1(Cooing

Signal  Min Mas

Ful_mocesPresture | (Pretsure)

Aot a0 000
Cootrg b o
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, »
-3
« Experivonts S
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v Cxperimert 1 Dsta
v Expermes 1 Data
o
"
J
$
a
At Coolry Pressse
Pt Sigraly
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Redukovany model pomocou Hammerstein Wiener modelov

Input Nonlinearity Output Nonline arity RozSiruje linearne modely seériovym

Input ‘ f I | _ zapojenim statickych nelinearnych
Linear System

modifikatorov

« Wavelet Network VSeobecné estimatory
Sigmoid Network nelinearnych funkcii

v

« Saturation

 Dead Zone

* ... Algoritmy strojového uc€enia na
Gaussian Process zachytenie nelinearit

Fyzikalne inSpirované
nelinearne estimatory

v

"~

Vyzaduje Statistics and Machine Learning Toolbox
26 Hammerstein-Wiener Model of SI Engine Torgue Dynamics
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Neurdnoveé siete na reprezentaciu nelinearit

* Vyuzitie neuronovych sieti na
tvorbu modelov Nonlinear ARX a
Hammerstein-Wiener

« Neuronové siete

Qutput Function

— Deep Learning Toolbox (@dInetwork,

@network) |
— Statistics and Machine Learning | ool —
Toolbox (@RegressionNeuralNetwork, >
fitrnet) \
- Kombinacia neuronovej siete s | o |z
linearnymi komponentami —
zaloZzenymi na fyzikalnych SR ol w0 i R il SRS

znalostiach
27
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ldentifikacia nelinearnych systéemov pomocou Al

8
o
'8
i

R
z
3
i
Z

25
-

Neural State-Space Nonlinear ARX Hammerstein Wiener

/ \_ Yy \_ Y,
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Integracia modelu Al pre simuléciu a testovanie

Integracia modelu Al do Simulinku Simulacia na systemovej trovni

llllll
| o Predicion_LSTM
Tmmum Mormatred gt | #|normokzed Genomakzee | 6 {1 )
o e -

29
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Priklad — Integracia modelu Al do Simulinku

30

SIMULATION
= L (3 Open ~ e Stop Time | tstop | p N
J & save ok &2 = q& &/ > %!
Project e Library Signal || Locesenm | step Run Step » Data Simulation
- = Print ~ Browser Table o Fast Restart Back - - Forward Inspacor Manager
PROJEC FILE LIBRARY ; SIMULATE REVIEW RESULTS
B AlLROM »
2 =]
2| @ [Fla_rom» 3
g - 3
T <
L4 =
g[8 —
3
] g
i target I »
5] | input Truth o
= >
>
- | —
LST™M
DL LSTM
DL NeurglSs
u NEURAL SS MODEL ¥ Prediction_LSTM
(D)
> 2
Neural State Space D
Denormalized .- Normalized — Normalized Denormalized Prediction_NeuralSS
»
» 3 )
NLARX Sigmoid N
Normalize Denormalize Prediction_NLARXSigmoid
Lo
> ’ NLARX SVM ()
nlarxSigmoid Prediction_NLARXSVM
NLARX Sigmoid
nlarxSVM
]
» NLARX SVM
Ready 154% odel

@
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Simulink Profiler

Path Time Plot (Dark Band = Self Time) Total Time (s) Self Time (s) Number of Calls
v!AL_ROM O ) 040 45.732 142760

> LSTM D 2.643 0.000 0

> NLARX Sigmoid l 0.284 0.000 0

> Neural State Space 0.195 0.000 0
Scope 0.188 0.188 23795
From Workspace2 0.161 0.161 23794
Demux 0.128 0.128 95184
From Workspacel 0.054 0.054 23794
Prediction_LSTM 0.040 0.040 23794
Prediction_NeuralSS 0.006 0.006 23794
Prediction_NLARXSigmoid 0.005 0.005 23794
Prediction_NLARXSVM 0.004 0.004 23794

> NLARX 5VM 0.001 0.000 0

» Normalize 0.000 0.000 0
Cast To Double 0.000 0.000 3

» Denormalize 0.000 0.000 0

31



P
B 7

£ HUMUSOFT

Nasadenie algoritmov generovanim kodu

:[m]: intel. | ARM

Any CPU oneDNN ARM Compute
No Library needed Library Library

<3

NVIDIA.

o Loy

- life.augmented

I3 TEXAS

INSTRUMENTS
@ ~ ZYNQ i

32



Kompromisy navrhu modelu Al

Rychlost trénovania
Interpretovatelnost
Rychlost inferencie

Velkost modelu

Presnost (RSME)

Vysledky vzhladom na ROM model z prikladu

LepSie . Primerané HorSie .

* @ ak sa trénuje pomocou GPU. Testované s GPU NVIDIA A100

33
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LSTM Neural SS NLARX Sig NLARX SVM
Long Short-Term Memory Neural State Space Nonlinear ARX Sigmoid Nonlinear ARX Support Vector
Network (Neural ODE) Machine
L ) ®
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Dakujem za pozornost



