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How about motors?

▪ Permanent Magnet Synchronous motors are backbone for electrification

▪ Temperature Excursions in these Motors leads to loss of Torque efficiency 

and eventual failures

▪ Need test these devices over possible Thermal Regimes

▪ Dyno testing is costly and can lead to degraded devices

▪ Simulation is a must, but faster simulations are essential and Virtual 

Sensors are bonus
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Key takeaways

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

Enable

Various ROM techniques in MATLAB to find the best method.Explore
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Common challenges

High fidelity models, such as ones from 3rd party FEA/CFD tools, are too 

slow for system level simulation, control design, and HIL testing. 

Creating a ROM that produces desired results in terms of speed, 

accuracy, interpretability, etc. 
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Integrating AI into Model-Based Design
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AI for component modeling and algorithm development 
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Focus today
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Reduced order modeling

What

Why

▪ Techniques to reduce the computational 

complexity of a computer model

▪ Provide reduced, but acceptable fidelity 

▪ Enable simulation of FEA models in Simulink

▪ Perform hardware-in-the-loop testing

▪ Perform control design

▪ Develop virtual sensors, Digital twins

▪ Perform design exploration
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Reduced order modeling

How Inputs
Charging Rate

SoC

Outputs
Potential 

Difference (V_s – 

V_e(V))

AI model focus today

FEA 

Software

Simulink

Simscape Multibody

Control System Toolbox

Reduced order 

model
Linearization

AI-Based

Data-driven

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

Closed-loop temperature control

Visualization

Temperature and 

pressure 

conditions

FEA model to compute 

maximum tip 

displacement 

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

Not suitable for control design and HIL testing

~30 seconds per time step for solving FEA models

tip displacement

Could be imported 

from third-party 

FEA/CFD tools
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Example overview
Replacing a high-fidelity jet engine turbine blade model with an AI-based reduced order model

Inputs
Ambient Temperature

Ambient Pressure

Cooling Temperature

Outputs
Max Displacement

AI model
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Data Preparation AI Modeling Simulation & Test Deployment

Create AI-based ROMs using the reduced order modeling support 

package 

Reduced Order Modeling with MATLAB and Simulink

Reduced Order Modeler App
Set up Design of Experiments (DoE)

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

fidelity subsystems

Train and compare AI-based reduced order models 

using preconfigured templates

Export trained reduced order models into Simulink 

or outside of Simulink through FMUs

https://www.mathworks.com/products/reduced-order-modeling.html
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Data Preparation AI Modeling Simulation & Test Deployment

Prepare data for training AI models

Generate synthetic data from 

Simulink/Simscape models

Import pre-collected data from high-

fidelity model into the app 

New Feature
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Data Preparation AI Modeling Simulation & Test Deployment

Synthetic Data Generation
Design of Experiments

Input features
Ambient Temperature

Ambient Pressure

Cooling Temperature

Response
Max Displacement

Design 
experiments

Run 
simulations

Log data
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Data Preparation AI Modeling Simulation & Test Deployment

Synthetic Data Generation
Design of Experiments
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Data Preparation AI Modeling Simulation & Test Deployment

Prepare data for training AI models

Generate synthetic data from 

Simulink/Simscape models

Import pre-collected data from high-

fidelity model into the app 

New Feature
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Data source
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Data Preparation AI Modeling Simulation & Test Deployment

etc.

Data-driven ROM

Dynamic

Data-Driven 

ROM

Look up table

Time-

Independent
Surface Fitting

LSTM

NLARX models

Neural State Space 
/ Neural ODE

etc.

App

MLP Networks
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Data Preparation AI Modeling Simulation & Test Deployment

AI-based ROM using LSTMs
Capture time dependencies in time-series data

AI-based ROM using LSTMs

Capture time dependencies in time-series data

Data Preparation AI Modeling Simulation & Test Deployment
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Data Preparation AI Modeling Simulation & Test Deployment

AI-based ROM using LSTMs
Capture time dependencies in time-series data

AI-based ROM using Neural State Space (also known as Neural ODE)

Create Deep Learning-based nonlinear state-space models

State Network (f) Output Network (g)

ቊ
ሶ𝒙 = 𝒇(𝒙, 𝒖)
𝒚 = 𝒈(𝒙, 𝒖)

Data Preparation AI Modeling Simulation & Test Deployment
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Data Preparation AI Modeling Simulation & Test DeploymentData Preparation AI Modeling Simulation & Test Deployment

AI-based ROM using Nonlinear ARX

Extend linear models and model nonlinear behavior using flexible 

nonlinear functions

input output

Current input and past 
inputs and outputsoutput
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Data Preparation AI Modeling Simulation & Test Deployment

MATLAB interoperates with other frameworks
Framework interoperability bridges the gap between data science, engineering and production

TensorFlow-Keras Import

ONNX Converter (Import & Export)

TensorFlow Converter (Import)

TensorFlow Converter (Export)

PyTorch Converter (Import)
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Data Preparation AI Modeling Simulation & Test Deployment

Integrate your AI model for system-level simulation and test

Integration of trained AI model into Simulink System-level simulation
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Data Preparation AI Modeling Simulation & Test Deployment

AI libraries in Simulink are expanding to include more AI blocks for 

more applications

Specialized

Computer Vision 

ToolboxAudio Toolbox

AI Core

Deep Learning Toolbox

System Identification 

Toolbox

Statistics and 

Machine Learning Toolbox



48
Data Preparation AI Modeling Simulation & Test Deployment

Integration of trained AI models into Simulink
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Data Preparation AI Modeling Simulation & Test Deployment

Integration of trained AI models into Simulink
Simulink Profiler

Neural state-space model is 

approximately 1e6x faster than the 

FEA model
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Deep Learning Toolbox verification library

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

Ensure robustness and reliability of deep 

neural networks

https://www.mathworks.com/products/deep-learning-verification-library.html
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Data Preparation AI Modeling Simulation & Test Deployment

Control Design with Model Predictive Controller

Optimizer

Prediction 

model

Cost function Constraints

ሶ𝒙 = 𝒇(𝒙, 𝒖)
𝒚 = 𝒈(𝒙, 𝒖)

Neural state space modelNonlinear MPC with data-driven prediction model

https://www.mathworks.com/help/ident/ug/training-a-neural-state-space-model-for-a-simple-pendulum-system.html
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Data Preparation AI Modeling Simulation & Test Deployment

System-level simulation
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Data Preparation AI Modeling Simulation & Test Deployment

Deploy to target with zero coding errors

CPU

GPU

µC

FPGA

oneDNN 

Library

ARM Compute 

Library

Any CPU

No Library needed

Code 

Generation
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Data Preparation AI Modeling Simulation & Test Deployment

C/C++

Source Code

Code 

Generation Any CPU

Use Embedded Coder to generate code for machine learning
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Data Preparation AI Modeling Simulation & Test Deployment

Intel CPU ARM Cortex-A

CPU

Optimization Library

Optimization Library

NVIDIA GPU

Library-Free

Source Code

Code 

Generation Any CPU

Inc. ARM Cortex-M

Generate library-free C/C++ code for deep learning networks
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Data Preparation AI Modeling Simulation & Test Deployment

Generate Library-Free C Code for Deep Learning Networks
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Data Preparation AI Modeling Simulation & Test Deployment

Model compression reduces Model for Deployment (reduces learnable from 2M to 850 K)

Pruning 

convolutional neural 

networks

Projection of deep 

neural networks

Quantization of network 

weights to lower precision 

datatypes (bfloat16, int8)

63

Structural Compression Datatype Compression

https://www.mathworks.com/company/newsletters/articles/compressing-neural-networks-using-network-projection.html
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Data Preparation AI Modeling Simulation & Test Deployment

Hardware-in-the-loop simulation
System-level integration and test

I/O

Real-time computerTarget platform

Build & download models

Adjust parameters

Monitor signals

Code generation 

from algorithm

Code generation 

from plant model
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Data Preparation AI Modeling Simulation & Test Deployment

Hardware-in-the-loop simulation
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Data Preparation AI Modeling Simulation & Test Deployment

Use ROMs outside of Simulink, for development and operation stages

ROM

C/C++

Source 

Code

Coder 

Products

Any CPU

MATLAB 

Compiler

Simulink 

Compiler 

Standalone 

application

Digital twin

ONNX

FMU

3P 

CAE tools

Development Operations

Simulink 

Compiler 

Deep 

Learning 

Toolbox

Simulink 

Real-Time
C Source 

Code

Speedgoat 

hardware
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Manage AI tradeoffs for your system

LSTM
Long Short-Term Memory 

Network

Neural State 

Space
(Neural ODE)

Training Speed

Interpretability

Inference Speed

Model Size

Accuracy (RSME)

Results are specific to Jet Engine Blade Example

Better Okay Worse
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Reduced order modeling user stories

Subaru developed a surrogate AI model to optimize transmission hydraulic 

systems, achieving a 99% reduction in calculation times compared to the 

original third-party 1D model

Cummins implemented a deep learning neural network to improve the speed 

of engine cycle simulations for performance predictions

Link to user story

Link to user story

https://www.mathworks.com/company/user_stories/subaru-uses-ai-surrogate-model-to-reduce-transmission-control-system-analysis-time.html
https://www.mathworks.com/company/user_stories/cummins-uses-ai-to-enhance-engine-performance-models.html
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MathWorks service and support mechanisms
MathWorks has a team of over 700 customer-facing engineers – we welcome the opportunity to 

discuss how you can get the most out of your software investments and achieve your goals.

Technical 
Support

• Product questions

• General support

• 508-647-7000

AE (Application 
Engineering) 
Support

• Product/Capability 
demonstrations

• Workshops, 
Webinars, etc. 

• Evaluation support

Extended AE 
Support

• Guided support for 
adoption of new 
tools/processes

• Deep Engagements

• Proof of Concept

Professional 
Courses

• Paid training on 
specific tools and/or 
processes

• On-site, web-based 
instructor lead, & self-
paced online

Consulting 
Engineering

• Paid engagements 
(custom targets, tool 
customization, 
advisory services)

Complimentary Funded
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AI training pathways

MATLAB Fundamentals

MATLAB Fundamentals

Deep Learning with MATLAB

Deep Learning with MATLAB

Reinforcement Learning in MATLAB and Simulink

Reinforcement 
Learning in MATLAB 

and Simulink
Predictive Maintenance with MATLAB

Predictive Maintenance 
with MATLAB

Image Processing with MATLAB

Image Processing 
with MATLAB

Computer Vision with MATLAB

Computer Vision 
with MATLAB

Signal Preprocessing […] for Data Analytics with MATLAB

Signal Preprocessing […] for Data Analytics with 
MATLAB

Machine Learning with MATLAB

Machine Learning with MATLAB

MATLAB for Data Processing and Visualization

MATLAB for Data Processing and Visualization

Statistical Methods in MATLAB

Statistical Methods in MATLAB

Visual Inspection ControlsSignal AI Data SciencePredictive Maintenance

AI-based Virtual Sensor Modeling(1)​

AI-based Virtual 
Sensor Modeling(1)

Data Driven Reduced Order Modeling(1)​

Data Driven Reduced 
Order Modeling(1)

Model Reduction

Simulink Fundamentals

Machine Learning Onramp

Deep Learning Onramp

Deep Learning for Signals in MATLAB​

Deep Learning for 
Signals in MATLAB

Click on the boxes for a full agenda, or see the overview of AI-courses on our website

Physics-Informed Machine Learning(1)(2)

(1) available as private-only
(2) module, not a full training

https://www.mathworks.com/training-schedule/matlab-fundamentals
https://www.mathworks.com/training-schedule/deep-learning-with-matlab.html
https://www.mathworks.com/training-schedule/reinforcement-learning-in-matlab-and-simulink
https://www.mathworks.com/training-schedule/predictive-maintenance-with-matlab
https://www.mathworks.com/training-schedule/image-processing-with-matlab
https://www.mathworks.com/training-schedule/computer-vision-with-matlab
https://www.mathworks.com/training-schedule/signal-preprocessing-and-feature-extraction-for-data-analytics-w.html
https://www.mathworks.com/training-schedule/machine-learning-with-matlab
https://www.mathworks.com/training-schedule/matlab-for-data-processing-and-visualization
https://www.mathworks.com/training-schedule/statistical-methods-in-matlab
https://content.mathworks.com/viewer/662218b6d1df395154f44686
https://content.mathworks.com/viewer/6659e6a9e60d85fee3768413
https://www.mathworks.com/learn/training/deep-learning-for-signals-in-matlab.html
https://nl.mathworks.com/learn/training/classroom-courses.html?q=&fq%5B%5D=instructor_led_topic:ai_data_science_and_statistics&page=1
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2-day custom training available for data-driven reduced order 

modeling

Full Course Outline
*Available upon request as private training only

https://content.mathworks.com/viewer/6659e6a9e60d85fee3768413#1
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Key takeaways

▪ Generate synthetic data from Simulink

▪ Train AI Models to replace high-fidelity battery 

electrochemical and PMSM model 

▪ Integrate trained AI model into Simulink for 

control design and system-level simulation

▪ Generate C code and perform HIL tests

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

Various ROM techniques in MATLAB to find the best method.Explore
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