
AI with Model-Based Design:
Virtual Sensor Modeling
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AI for images and video
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AI is often part of a larger system
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Simulate and test all your components together in Simulink 
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Integrate AI models into MBD for system-level simulation and 

code generation

AI for component modeling

Á Speeding up desktop and HIL 

simulations 

Á Modeling component dynamics from 

data when first-principles models 

cannot be obtained

AI for algorithm development

Á Virtual sensor modeling

Á Sensor fusion

Á Object detection
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Continental uses data-driven engine 

temperature models for ECU development
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AI for component modeling

Link to presentation

https://www.mathworks.com/videos/virtual-xcu-calibration-with-neural-networks-1559311099816.html


Renault Uses Deep Learning Networks 

to Estimate NOX Emissions
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AI for algorithm development

Challenge

Design, simulate, and improve aftertreatment systems 

to reduce oxides of nitrogen (NOX) emissions

Solution

Use MATLAB and Deep Learning Toolbox to model 

engine-out NOX emissions using a long short-term 

memory (LSTM) network

Results

ÁNOX emissions predicted with close to 90% 

accuracy

ÁLSTM network incorporated into aftertreatment 

simulation model

ÁCode generated directly from network for ECU 

deployment

Link to article

ñEven though we are not specialists in deep learning, 

using MATLAB and Deep Learning Toolbox we were 

able to create and train a network that predicts NOX

emissions with almost 90% accuracy.ò

- Nicoleta-Alexandra Stroe, Renault

Measured NOX emissions from an actual engine and modeled 

NOX emissions from the LSTM network.

https://www.mathworks.com/company/newsletters/articles/using-deep-learning-networks-to-estimate-nox-emissions.html


Focus today

AI for algorithm development

Á Virtual sensor modeling

Á Sensor fusion

Á Object detection
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A Virtual Sensor mimics a physical sensor using data from 

other measurements to estimate the quantity of interest

11

System 

measurements

Estimated 

quantity

Virtual Sensor



A physical sensor may be:
ÁExpensive

ÁSlow

ÁNoisy

ÁUnreliable

ÁNot feasible

ÁUnmanufacturable

ÁDegrading over time

ÁRequiring redundancy

Áetc.12

Why are Virtual Sensors relevant?

System 

measurements

Estimated 

quantity

Virtual Sensor
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Data-driven vs. first-principles modeling

DATA-DRIVEN MODELS FIRST-PRINCIPLES MODELS

BLACK BOX WHITE BOXGREY BOX

Statistics, optimization, AI Physics, math, domain knowledge

Data-driven models and first-principles models can co-exist



The AI megatrend 

ARTIFICIAL INTELLIGENCE

Any technique that enables 

machines to mimic human 

intelligence

MACHINE LEARNING
Statistical methods that enable machines to ñlearnò tasks from data without 

explicitly programming

UNSUPERVISED LEARNING 

(No Labeled Data)
SUPERVISED LEARNING 

(Labeled Data)

REINFORCEMENT LEARNING

(Interaction Data) 

DEEP LEARNING

(Neural networks with 

many layers)
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https://www.mathworks.com/discovery/unsupervised-learning.html
https://www.mathworks.com/discovery/reinforcement-learning.html


Virtual sensor for Battery State of Charge (SOC) estimation
Using AI-based virtual sensors in System-level simulation
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Having a physical sensor might not be feasible due to cost, 

manufacturing process, reliability, degradation, etc. 

Battery

ECU Battery 

Management System
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State of 

Charge 

(SOC) 

estimation

SOC cannot be 

directly measured 

from the battery!

Battery 

plant

Load
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Virtual sensor for Battery State of Charge (SOC) estimation

Inputs
Voltage

Current

Temperature

Outputs

Battery SOC

LogicLogic

SOC 

estimation

Extended 

Kalman filter

Why AI over Kalman filtering?

Á No need of an internal battery model

Á Training directly on measured data

Á Capture very complex data relationships

AI
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Battery State-of-Charge Estimation Using AI
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Data Preparation AI Modeling Simulation & Test Deployment

Data Preparation

Data source: McMaster University*

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

over a 500 
Ὓὕὅὸ

ρ

ὅ
ὍὴὨὴ

voltage

current

temperature
AI SOC

moving avg. voltage

moving avg. current

AI SOC
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https://data.mendeley.com/datasets/cp3473x7xv/3


Data Preparation AI Modeling Simulation & Test Deployment

AI Modeling

3 options for AI Modeling:

Train in MATLABôs Machine 

Learning Framework

1
Import model from 

TensorFlow or PyTorch

2
Train in MATLABôs Deep 

Learning Framework

3
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Data Preparation AI Modeling Simulation & Test Deployment

AI Modeling

Train in MATLABôs Machine 

Learning Framework

1
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Data Preparation AI Modeling Simulation & Test Deployment

MATLAB interoperates with other frameworks

TensorFlow-Keras Import

ONNX Converter (Import & Export)

TensorFlow Converter (Import)

TensorFlow Converter (Export)

PyTorch Converter (Import)

Framework interoperability bridges the gap between data science, engineering and production
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Data Preparation AI Modeling Simulation & Test Deployment

AI Modeling

Import model from 

TensorFlow or PyTorch

2
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Data Preparation AI Modeling Simulation & Test Deployment

AI Modeling

Train in MATLABôs Deep 

Learning Framework

3
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Data Preparation AI Modeling Simulation & Test Deployment

AI Modeling

Train in MATLABôs Deep 

Learning Framework

3
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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

Statistics and Machine 

Learning Toolbox

Deep Learning Toolbox

Computer Vision 

Toolbox

Audio Toolbox

System Identification 

Toolbox
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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

Closed-Loop System-Level Simulation
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Data Preparation AI Modeling Simulation & Test Deployment

Deploy to target with zero coding errors

Code 

Generation

CPU

GPU

ÕC

FPGA

oneDNN 

Library

ARM Compute 

Library

Any CPU

No Library needed
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Data Preparation AI Modeling Simulation & Test Deployment

Use Embedded Coder to Generate Code for Machine 

Learning

C/C++

Source Code

Code 

Generation Any CPU
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Data Preparation AI Modeling Simulation & Test Deployment

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

Networks

Intel CPU ARM Cortex-A

CPU

Optimization Library

Optimization Library

NVIDIA GPU

Library -Free

Source Code

Code 

Generation Any CPU

Inc. ARM Cortex-M
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Data Preparation AI Modeling Simulation & Test Deployment

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

Networks
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