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Agenda

- Al in Model-Based Design Workflow
- From modeling to deployment

- Virtual Sensors in System-Level Simulation
- Electric motor rotor position tracking for controls
- Battery SOC estimation

- PIL testing and production deployment
- Profile code performance and evaluate trade-offs
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Model-Based Design
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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
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Al for component modeling Al for algorithm development

= Speeding up desktop and HIL = Virtual sensor modeling
simulations

= Sensor fusion

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

Object detection
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Al-driven system design

Data Preparation Al Modeling Simulation & Test Deployment
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Al-driven system design

Workflow for using Al for PMSM position estimation
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Field-oriented control using physical position sensors

MTPA
control
reference

Pl controller
(current Iq)

Pl controller
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Field-oriented control using Al for position sensors

Pl controller
(current Iq)

MTPA
control
reference Duty Cycles
Pl controller Inverse park Space vector 'l':
(current Id) transform generator -
>
l4 le l5
™ Park Clarke * 0
L transform transform -
lq

Sine-cosine Meural
lookup nietwork
architecture

Position
feedback

Speed
measurement
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Data collection preparation

Estimated Angular Position

Current

Angular Position

Collect the simulation data
Speed in PU (w) Load Torque in PU (TL) Number of data collected

(Electrical cycles)

w<0.1 0.05 100
0.1<w<1 0<TL<1 1000

Data collection range
9 ‘ MathWorks



Al modeling

Train in MATLAB’s Machine
Learning Framework

3 options for Al Modeling:

Import model from
TensorFlow or PyTorch

[

11

Train in MATLAB’s Deep
Learning Framework

Al Modeling
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Trai n th e n e u ral n etWO rk [=] function [net,testdatamse] = CreateNetwork(traindatain,traindataout,testdatain,...

testdataout,validatedatain,validatedataout)

% trains a network using dlnetwork

Auto regressive % Copyright 2024 The MathwWorks, Inc.
neural network . )
(ARNN) siné, % rng(1); % Fix the seed number
— rng( "default")
layers = [
cosé, featureInputLayer(6)
siné, Z1 — fullyConnectedLayer(4)
tanhLayer
cosd,

fullyConnectedLayer(2, 'Name', 'output')
1;

4\ MATLAB R2025a - x

LIVE EDITOR

] <« v ~ Refactor = IS
ninp._.t b S H gem o ar ® g 1] ]
New Open Save Export = Compare | GoTo e . | Code Task Copilot . F Run Pause Stop
featurelnputLayer Previous Output O S e kil st ORI (i = R mam | BT e
? FILE < Deep Learning Network Analyzer - u] X ecion RUN z
featurelnputLayer
S BEAB Do uses > ) .
" Analysis for dinetwork usage m
- bl | |
Bﬂ Name Name: layers 38 4 0& 0 o e i
— Analysis date: 09-Jun-2025 11:42:22 total leamables layers wamnings erors - E
£ dinetmat J
LAYER INFORMATION G) E
. ~ OUT File
+ addition o) = meb_pmsm_foc_qep._desp._lea o [ input Name Type | Activati
additionLayer ~ Script T |5 (Spatia), T (Time), C (Ch
s ) mcb pram,foc. gep: desp sl : fc :'E:LW Feature Input 6(C) x 1(8)
ToSimulink | |
l iy connected Layes -
8) my_model sk s + L tain, testdataout,
fe 85} mcb_pmsm_foc_qep_deep leaq i [ fonh €D x 1(8) ‘s the mean-square arror
LS ‘ + | output Fully Connected 2(C) x 1(8)

~ Workspace 2 tully connected layer

Name ty function generated from the @

1) onelycleUataLtoH h )
layer [8) aneCycleDataZtol 1 :
tanhLayer [ testdatain <

testdataout -

[ tPLioH

B PzioH

— [®) traindatain
output [ traindatacut
fullyConnected... [@) validatedatain 647242l GxAT242 larray
[8) validatedatacut 2x47242dl.. 2x47242 dlaray -
(] I »
(RER™ B3| Editor: 90% UTF-8 LF Soript

Al Modeling
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Exported trained neural network to Simulink model

MATLAB R202
LIVE EDITOR Search (Ctri+Shift+Space) 1g-Chuan
¢' @ Refactor ~ = e Section Break
‘{!5 ﬁ & Print E:>ﬂ Q Fi @ <>+ g Code Issues ) & e D @>
un an vance
New Open Save [ export - Compare | GoTo A T Code Control Task Copilot @ Debugger Generate  Find Run Run Step
o b - - - m Bookmark ~ - A - @ Test + Tests Section ﬂ Run to End -
FILE MNAVIGATE TEXT CODE ANALYZE TEST SECTION RUN i
==L N .
~ Files i | £| FOCPMSMUsingPosEstByNeuralNiwExample mix x | CreateNetworkm x =+ :
Name I Type cw OneDrive - MathWork: 0\Al_VirtualSensor\F OCNNPosPMSM\FOCPMSMUsingPosEstBy NeuralNtwExample mix
. P
18 dinetmat MAT-fi = | CreateNetworkm | + E
- T - E
~ OUT File 8 || rng('default’) c
= mcb_pmsm_foc_gep_deep_learning_f28379d.out OUTF 9 E
@ « Script 10 layers = [
B mcb_pmsm_foc_gep_deep_learning_f28379d_data.m Script 1 featureInputLayer(6)
“es T~ 12 fullyConnectedLayer(4)
Q exportNetworkToSimulink(net).m Script 13 tanhLayer
« Simulink Cache 14 fullyConnectedLayer(2, "Name" , "output ')
B8 my_model.sixc Simulii 15 | H
'@ mcb_pmsm_foc_gep_deep_learning_f28379d.shxc Simulii 16 1 A ) s
. . . 1703 % Run this to visualise the dlnetwork
b@ mcb_pmsm_foc_deep_learning_host_model_f28379d.slxc Simulii 18 [ % analyzeNetwork(layers)
+ Simulink Model
my_model.slx Simulii
mcb_pmsm_foc_gep_deep_learning_f28379d sl Simuli Note: The example uses the exportNetworkToSimulink function from Deep Learning Toolbox to export the trained ARNN network (net) to the Simulink layers blocks
mch_pmsm_foc_deep_learning_host_model_f28379d slx Simulii so that you can use the network for simulation and code generation
] »
~ Workspace
e AT size e Run the following command to execute the function
FH dpTorltoH 25 1x1 double =~
lowtohighspeeddata 40x25 Simu... 40x25 Simulink.Si.. exporthetworkTosimulink(net)
net 1=1 dinetwo... 1x1 dinetwork .
oneCycleDataltoH 40x25 Simu...  40x25 Simulink.Si..
oneCycleDataZtol 1x100 Simu... 1100 Simulink.Si.. The function accepts the dinetwork object net to create the Simulink layers blocks in a new Simulink model as shown in the following figure
testdatain 6x50859 dl.. 6x50859 dlarray -
e s il —
[H testdatamse 7.2062e-06  1x1 double Command Window
Ptciso Simile g S New to MATLAB? See resources for Getting Started. X
Ea tPLtoH 1000 =t double View summary with summary.
[H tPZtoH 1100 1x1 double I
traindatain 6x265332 d... 6x265332 dlarray
testdatamse =
traindataout 2x265332 d... 2x265332 dlarray
validatedatain 6x47242 dll.. 647242 dlaray ~ _| 7.2062e-96
T L3 >
M~ [~ Editor: 90% UTF-8 LF Script

Simulation & Test

‘ MathWorks



Deploy speed control using neural network in hardware
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Agenda

- Virtual Sensors in system-level simulation
- Battery SOC estimation



System-level simulation of BMS

StateRequest
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Battery state-of-charge estimation using Al

17

SOC

4\ MathWorks



Data preparation

Data source: McMaster University*

voltage =

current =—————)

temperature =———

Computed moving avg. voltage =l
over a 500 sec moving avg. current )

window

* https://data.mendeley.com/datasets/cp3473x7xv/3

Data Preparation
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Efficient labeling in the

lab
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1 t
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https://data.mendeley.com/datasets/cp3473x7xv/3

Al modeling

Import model from

TensorFlow or PyTorch

19

FILE

|| Normal v = =s [ URefactorv (=] Section Break
B I M = = {t] b P2 Run and Advarge
15 Tk SR U _ | Code Control Task Run ‘
oL e T PN BooRmark v =EEE = - - & = Section P2 Run to End
NAVIGATE TEXT CODE SECTION

»

10

< % E ol B &/ » home » Igarcia » ai-with-mbd-irtual-sensor-modeling » Part 1 - Al Modeling »

B Live Editor - /home/lgarcia/ai-with-mbd-virtual-sensor-modeling/Part 1 - Al Modeling/SOC_2 ImportFromTensorflow.mix *

| SOC_2_ImportFromTensorflow.mix * |+ |

Import TensorFlow Network into MATLAB

battery_Sec_net = importTensorFlowNetwork(fullfile(projectPath, "models",6 "TF2.3","batterySoc_net"), "OutputLayerType", "regression")

Importing the saved model...
Translating the model, this may take a few minutes...
Finished translation. Assembling network...
Import finished.
battery_Sec_net =
DAGNetwork with properties:

Layers: [9x1 nnet.cnn.layer.Layer]
Connections: [8x2 table]
InputNames: {'input_2'}

OutputNames: {'RegressionLayer_dense_7'}

save(fullfile(projectPath, "models", "battery_Soc_net.mat"), "battery_Sec_net")

11

|Analyze the Imported Network Architecture

analyzeNetwork(battery_SocC_net);

12
13
14
15
16
17
18
19

Load Test Data

% Load test data
load('testData.mat');

%% Evaluate for test case for negative 10deg C temperature.
X_Test_ni10degC_Norm = zeros(size((Xinput{1,1}')));
for i=1:size(Xinput{1,1},2)
X_Test_niedegC_Norm(i,:) = Xinput{1,1}(:,1i)"';
end

Zoom: 150%

script

Al Modeling

4\ MathWorks



Integrate your Al model for system-level simulation and test

Integration of trained Al model into Simulink

553

* 5
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- e D — D
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- u voltage
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current m current (4) inputSignals
[oroutpt ot o )
true
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[ ]
;’ " Fantbiesha
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System-level simulation
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Simulation & Test
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Closed-loop system-level simulation

SIMULATION MODELING HARDWARE
Hardware Board @ » » . [# @ @
= Hardware || e T Monitor Data Logic Build, Deploy
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o
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Ed
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1
z |
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-]
» 3
Ready 201% FixedStepDiscrete

21

Simulation & Test
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Integration of trained Al

22
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Simulation & Test
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Agenda

PIL testing and production deployment
Profile code performance and evaluate trade-offs



Deploy to target with zero coding errors

24

[m]; ined [N

Any CPU oneDNN ARM Compute
No Library needed Library Library
<3
NVIDIA.
o Ly
- life.augmented
1P TEXAS

INSTRUMENTS

Deployment
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Use Embedded Coder to generate code for machine learning

fo 2 wb Code CIC++ ‘ E b ¢ ‘y
A S Generation source COde - lilfe.augmented
ClassificationSVM Predict Any C P U ’ ‘}-‘EgAS’i‘RUMENTS
- J
25 Deployment 4\ MathWorks




Generate library-free C/C++ code for deep learning networks

Code Library-Free ‘ E x F
Generation Source Code Any CPU i T lite.augmented
Inc. ARM Cortex-M INSTRUMENTS

2 De P : 2PAS nt ‘ MathWorks:




Processor-in-the-loop testing on ARM Cortex-M7 processor

27

SIMULINK®
StateRequest R
1 Set Plant Configuration
L / BMS_Software \ (12112 Battery_Model
StateRequest A BMS_Info StateRequest
- BMS_Info i |
)/ To_BMS
{15}
From_PLANT To_PLANT From_BMS
(1 6) - - BMS_to_PLANT {15} -
N 4
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z BMS
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Code generation
from algorithm

NXP S32K344 £
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Deployed code
communicates with
simulated plant

Deployment
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Processor-in-the-loop

testing on ARM Cortex-M7 processor

Stop Time| timeVector N & ]
Pause Stop Data
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4

File Tools View Simulation Help
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= e
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View diagnostics

28

Deployment
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Manage Al tradeoffs for your system

it oot syt oo kron | <comia .
ended Kalman Fittr ine Regression Tree hidden layer Feedforwar acked Long Short-Term | * Compressed Stacked Long
Netiork Memory Network Short-Term Memory Network
Preprocessing effort % O O O O
Training Speed N/A ® O O O
Interpretability O O O » O
Inference Speed O O o0 O O
Model Size O O ) O O
Accuracy (RSME) ) » » ( ] o0

Results are specific to this Battery SOC Estimation example

Much Better . . Better . Okay ‘ Worse .

29 4\ MathWorks




Key takeaways

Data Preparation Al Modeling Simulation & Test Compression Deployment

Toolboxes for Low-code workflow
domain-specific for Al Modeling
pre/post- through Apps
processing

Simulink blocks Model Code generation

for Al models compression for embedded

make integration techniques to targets (incl. library

easy reduce model size free source code
and speed up for Deep Learning)
inference

Import models from
TensorFlow,
PyTorch or other
DL Frameworks

Select and implement the optimal Al technique

Model Accuracy > Deployment Efficiency

30 &\ MathWorks



In summary, build a virtual sensor using Al and integrate into Simulink for
system-level simulation and code generation

Pl controller

ref ref
W' w'
(current Iq)

(Speed™) (Speed™)
[ e d Pl controller *——>
Wpy Tret

MTPA
control
reference

Duty Cycles

Pl controller Inverse park - Space vector
(current Id) transform generator

Park
transform transform

Sine-cosine
lookup network
architecture

Position
feedback

input output f————p>
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Visit our website to see more Al for electrification resources

Al for Electrification

Apply artificial intelligence (Al) techniques to the
development and operations of electrical technologies 4

Scan this QR code to access the page

&\ MathWorks
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