
0

신행재 부장, 매스웍스코리아

AI기반 가상센서를 이용한 모델기반 설계
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Battery State of Charge (SOC)

When estimating a quantity that is not 

measurable

Why Virtual Sensors?

Not directly measurable

We measure voltage, current, temperature and calculate SOC
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Agenda

▪ Develop AI-based virtual sensor for 

battery SOC estimation

▪ Workflow - From data acquisition to 

hardware deployment

▪ Compare different AI methods

SOCVoltage

Current

Temperature
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Battery State of Charge (SOC)

𝑆𝑂𝐶 𝑡 =
1

𝐶
න
0

𝑡

𝐼 𝑝 𝑑𝑝

capacity current

Affected by sensor error 
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current voltage measurement

SOC

voltage

estimation

+
-Kalman 

Filter

battery 

model

▪ Well established

▪ Accurate

▪ Detailed battery model required
– Operating condition range

▪ Computationally intensive

Extended Kalman Filter
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How About…

voltage

current

temperature

SOC

Instead of creating a physics-based model –

Train a Statistical Model
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Comparison

▪ Training on real data

▪ Capture very complex data 
relationships

▪ No need for battery model

▪ Interpretability

▪ Computationally intensive

▪ Well established

▪ Accurate

▪ Detailed battery model required

- Operating condition range

▪ Computationally intensive

Extended Kalman Filter AI
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AI-driven System Design

Model design and 

tuning

Hardware 

accelerated training

Interoperability

Integration with

complex systems

System verification 

and validation

System simulation

Data cleansing and 

preparation

Simulation-

generated data

Human insight Enterprise systems

Embedded devices

Edge, cloud, 

desktop

Data Preparation Simulation & Test DeploymentAI Modeling

Steps involved in creating an AI-based virtual sensor
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Back to SOC estimation
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Read data

Model design and 

tuning

Hardware 

accelerated 

training

Interoperability

Integration with complex 

systems

System verification and 

validation

System simulation

Data cleansing and 

preparation

Simulation-

generated data

Human insight Enterprise systems

Embedded devices

Edge, cloud, 

desktop

Data Preparation Simulation & Test DeploymentAI Modeling
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Read data

Model design and 

tuning

Hardware 

accelerated 

training

Interoperability

Integration with complex 

systems

System verification and 

validation

System simulation

Data cleansing and 

preparation

Simulation-

generated data

Human insight Enterprise systems

Embedded devices

Edge, cloud, 

desktop

Data Preparation Simulation & Test DeploymentAI Modeling

Predictors Response

Data source: McMaster University*
Inputs
Voltage

Current

Temperature

Moving av. voltage

Moving av. current

Outputs
Battery SOC

*https://data.mendeley.com/datasets/cp3473x7xv/3
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Algorithms for AI

Algorithms

Machine learning
Trees, Naïve Bayes, SVM…

Deep learning
CNNs, GANs, LSTM, MIMO…

Reinforcement learning
DQN, A2C, DDPG…

Regression
Linear, nonlinear, trees…

Unsupervised learning
K-means, PCA, GMM…

Predictive maintenance
RUL models, condition indicators…

Bayesian optimization

Reference examples

Object detection
Vehicles, pedestrians, faces…

Semantic segmentation
Roadway detection, land cover 

classification, tumor detection…

Signal and speech processing
Denoising, music genre recognition, 

keyword spotting, radar waveform 

classification…

…and more…

Model 

design and 

tuningHardware 

accelerate

d training
Interopera

bility

Integration

with complex 

systems

System 

verification 

and validation

System 

simulation

Data 

cleansing 

and 

preparation

Simulation-

generated

data

Human 

insight

Embedded 

devices

Edge, 

cloud, 

desktop

Data 

Preparation

Simulation &

Test
DeploymentAI Modeling

Pre-built models

Image classification models
AlexNet, GoogLeNet, VGG, 

SqueezeNet, ShuffleNet, ResNet, 

DenseNet, Inception…
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Model 

design and 

tuningHardware 

accelerate

d training
Interopera

bility

Integration

with complex 

systems

System 

verification 

and validation

System 

simulation

Data 

cleansing 

and 

preparation

Simulation-

generated

data

Human 

insight

Embedded 

devices

Edge, 

cloud, 

desktop

Data 

Preparation

Simulation &

Test
DeploymentAI Modeling

- Configure AI model

- Train and Test AI model
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AI modeling



1616Data source https://data.mendeley.com/datasets/cp3473x7xv/3

voltage
current

temperature SOC
calculated moving avg voltage
calculated moving avg current

Feed-forward NN

accurately 

calculated

in the lab

Feed Forward NN is simple – but it has no memory

Moving  average added to the input signals

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

prediction
ground truth

25ºC -10ºC

Prediction is good even at low 

temperatures
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Import Pre-Trained Model

TF importer

You can also import an AI model trained outside of 

the MathWorks ecosystem into MATLAB
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Simulink Integration 

Model 

design and 

tuningHardware 

accelerate

d training
Interopera

bility

Integration

with complex 

systems

System 

verification 

and validation

System 

simulation

Data 

cleansing 

and 

preparation

Simulation-

generated

data

Human 

insight
Enterprise systems

Embedded 

devices

Edge, 

cloud, 

desktop

Data 

Preparation

Simulation &

Test
DeploymentAI Modeling

Simulink provides blocks 

with different AI functions

We just parameterize 

them with the AI function 

name and feed them with 

signals with the predictors
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With Variant Subsystems 

we can implement several 

AI functions in the same 

model and try them one at 

a time

Model 

design and 

tuningHardware 

accelerate

d training
Interopera

bility

Integration

with complex 

systems

System 

verification 

and validation

System 

simulation

Data 

cleansing 

and 

preparation

Simulation-

generated

data

Human 

insight
Enterprise systems

Embedded 

devices

Edge, 

cloud, 

desktop

Data 

Preparation

Simulation &

Test
DeploymentAI Modeling
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Processor-in-the-Loop (PIL) Testing 

on ARM Cortex-M7 Processor

Model 

design and 

tuningHardware 

accelerate

d training
Interopera

bility

Integration

with complex 

systems

System 

verification 

and validation

System 

simulation

Data 

cleansing 

and 

preparation

Simulation-

generated

data

Human 

insight
Enterprise systems

Embedded 

devices

Edge, 

cloud, 

desktop

Data 

Preparation

Simulation &

Test
DeploymentAI Modeling

NXP S32K344

Automatic Library-Free

C Code

Any CPU

Inc. ARM Cortex-M



2323

Deploy to target with zero coding errors

Zynq is a registered trademark of Xilinx Corporation
Intel logo is a registered trademark of Intel Corporation

FPGA

CPU

Micro-

controller

PLC

GPU

Code 

Generation

Model 

design and 

tuningHardware 

accelerate

d training
Interopera

bility

Integration

with complex 

systems

System 

verification 

and validation

System 

simulation

Data 

cleansing 

and 

preparation

Simulation-

generated

data

Human 

insight
Enterprise s

Embedded 

devices

Edge, 

cloud, 

desktop

Data 

Preparation

Simulation &

Test
DeploymentAI Modeling



2424

Finally, we can configure 

the model for Processor-

in-the-Loop execution

1- Configure hardware 

and communication ports

2- Select PIL execution

3- Code is generated for 

the AI function subsystem, 

compiled, then 

downloaded onto the 

evaluation board

4- The algorithm now runs 

on target
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Tradeoffs and Benchmark

EKF
Extended Kalman Filter

Tree
Fine Regression Tree

FFN
1-hidden layer 

Feedforward Network

LSTM
Stacked Long Short-Term 

Memory Network

Training Speed N/A

Interpretability

Inference Speed *

Model Size *

Accuracy (RMSE)

** NXP S32K344 board

Results are specific to this example

Here is a comparison among AI methods and the EKF 

benchmark

There is a trade-off among training effort, predictive 

accuracy, and on-target execution time
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Denso Ten develops workflow process for AI control system 

development

Challenge
Use AI to improve ECU development efficiency

Solution
Use Deep Learning Toolbox, Embedded Coder, and 

Simulink Coder in a new workflow for AI/deep learning, ECU 

simulation and implementation

Results
▪ Integrated AI model into existing control model

▪ Used Deep Network Designer for network construction

▪ Created bidirectional conversion of deep learning model 

between MATLAB and Simulink

▪ Accessed original AI library using S-functions

“A model-based development workflow is essential in order 

to use AI for control ECUs. Combining the existing control 

model and the AI model enables us to establish a simulation 

environment and accelerate product development.”

- Natsuki Yokoyama, Denso Ten

Model-based development workflow.

27
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Summary

▪ Develop AI-based Virtual Sensor for Battery SOC Estimation

▪ Workflow - From Data Acquisition to Hardware Deployment

▪ Compare Different AI Methods

SOCVoltage

Current

Temperature
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Thank you
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