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动态系统

s1

s2

s3

…

状态空间：𝑆

时间集：𝑇

𝑹: 𝑆 × 𝑇 → 𝑆

𝑠𝑡 𝑠𝑡+1 = 𝑹 𝑠𝑡 𝑠𝑡+2 = 𝑹 𝑠𝑡+1

简单的线性系统
𝑥 𝑡 ′ = 𝐴𝑥 𝑡

图表 1 系统输出x(t):

x0 = [2; 0];
A = [-0.1 -1; 1 -0.1];
trueModel = @(t,y) A*y; % 定义系统函数，此处就是
一个状态空间方程
numTimeSteps = 2000;
T = 15;
odeOptions = odeset(RelTol=1.e-7);
t = linspace(0, T, numTimeSteps);
[~, xTrain] = ode45(trueModel, t, x0, 
odeOptions);

+𝐵𝑢 𝑡

trueModel = @(t,y) A*y + B*controlsignal(t,ft,f);
% 定义系统函数，此处就是一个状态空间方程
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何为数据驱动的动态系统建模
▪ 旋转体的状态空间模型

𝐽
𝑑𝜔

𝑑𝑡
+ 𝐹𝜔 = 𝑇

𝑦 = 𝜔

𝑑𝜔

𝑑𝑡
= −𝐽−1𝐹𝜔 + 𝐽−1𝑇

𝑦 = 𝜔

𝑑𝑥

𝑑𝑡
= 𝐴𝑥 + 𝐵𝑢

𝑦 = 𝐶𝑥 + 𝐷𝑢

sys_mimo = ss(A,B,C,D);
[y,t] = lsim(sys_mimo,u,t);

𝑨 = −𝐽−1𝐹, 𝑩 = 𝐽−1,
𝑪 = 𝐼, 𝑫 = 0

使用机器学习进行数据建模
% 训练回归模型
regressionGP = fitrgp([u1 u2 u3], y1, 'BasisFunction', 
'constant', 'KernelFunction', 'rationalquadratic', ...
'Standardize', true)

（线性系统）

使用系统辨识进行数据建模
nx = 3;
sys = ssest(result,nx,'Ts',dt); % 进行状态空间模型系统辨识
compare(result,sys) % 查看训练结果

或者使用深度学习模型
例如LSTM?
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Continental 使用动态神经网络用于估计发动机温度

5 Link to presentation

https://www.mathworks.com/videos/virtual-xcu-calibration-with-neural-networks-1559311099816.html
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Renault 使用Deep Learning Networks 来估计 NOX 排放: LSTM

6 Link to article

挑战
Design, simulate, and improve aftertreatment 

systems to reduce oxides of nitrogen (NOX) 

emissions

方案
Use MATLAB and Deep Learning Toolbox to model 

engine-out NOX emissions using a long short-term 

memory (LSTM) network

结果

NOX emissions predicted with close to 90% accuracy

▪ LSTM network incorporated into aftertreatment 

simulation model

▪ Code generated directly from network for ECU 

deployment

“Even 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.”

- 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
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AI驱动的系统建模

7

Model design and 

tuning

Hardware 

accelerated training

Interoperability

Modeling & Training

Integration with

complex systems

System verification 

and validation

System simulation

Simulation & TestData Preparation

Data cleansing and 

preparation

Simulation-

generated data

Human insight

Deployment

Enterprise systems

Embedded devices

Edge, cloud, 

desktop
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使用AI模型进行动态系统建模

Data Preparation Modeling & Training Simulation & Test Deployment

电机温度预测

电池SOC估计
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MATLAB中AI相关工具箱的发展

Toolboxes

• Deep Learning Toolbox 

• Text Analytics Toolbox

• Reinforcement Learning

• Predictive Maintenance Toolbox

Code Generation

• GPU Coder

• MATLAB Coder 

Apps

• Image Labeler

• Deep Network Designer

• Video Labeler

• Signal Labeler

Interoperability

• TensorFlow-Keras Importer

• ONNX Support

2016 - 2019 2020 - 2021 2022

Accessibility

• Deep Learning Model Hub

Apps

• Data Cleaner

Compression

• Taylor Pruning

Code Generation

• TensorFlow Lite

Interoperability

• TensorFlow Lite inference for 

MATLAB and Simulink

Machine Learning

• Drift Detection

500+ examples, covering:

• Computer Vision, LidarAudio, 

Signal and Wireless

• Computational Finance

• Controls

• Machine Learning

Apps

• Experiment Manager

• Lidar Labeler

• Reinforcement Learning 

Designer

Compression

• Quantization

Code Generation

• Deep Learning HDL Coder

Model-Based Design

• Image Classification & Model 

Prediction

• Recurrent Neural Networks

• Object Detectors

Interoperability

• TensorFlow Model Importer
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AI用于被控对象建模

11

AI用于被控对象建模

▪ 加速桌面与HIL仿真

▪ 当第一原理模型不能构建时通过数据
进行动态系统（被控对象）建模
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模型降阶

1212

什么是模型降阶？

为什么进行模型降阶

▪ 减少模型计算复杂度或存储需求的一种技
术

▪ 在误差允许的范围内保持期望的保真度

▪ 加速系统级桌面仿真

▪ Hardware-in-the-loop testing

▪ Enable system-level simulation

▪ 开发虚拟传感器，数字孪生

▪ 控制设计

High-fidelity model

Reduced-Order Model (ROM)
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Dynamic

模型降阶

13

Reduced order 

model

Physics-based

Model-based

Linearization

Data-driven

Static

Simulink, Simscape products, Simulink Design 

Optimization

Reduced Order 

Flexible Solid

FEM-Parametrized 

PMSM

Simulink, Simscape Multibody, Simscape

Electrical, Partial Differential Equation Toolbox, 

Control System Toolbox

Simulink, Simulink Control Design, Control 

System Toolbox

Simulink, Curve Fitting Toolbox, 

Model-Based Calibration Toolbox

Simulink, Statistics and Machine 

Learning Toolbox, Deep Learning 

Toolbox, System Identification 

Toolbox

Focus today
13

实现方式
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Black-box

数据驱动（Data-driven） vs. 第一原理建模（first-principles）

14

第一原理模型
Physics, math, domain knowledge

数据驱动的模型
Statistics, optimization, AI

White-boxGray-box

Advantages

▪ 当第一原理的模型难于构建时可以发挥作用

▪ 降低复杂度，仿真加速

▪ 可以利用当前已有的或者测得的数据

▪ 不需要领域知识

Challenges

▪ 需要大量的数据

▪ Are often not 

– 可解释

– 包含物理意义的参数化

▪ 在训练数据之外的外插能力较弱

Advantages

▪ 可以以低/高保真度捕获(全局)可参数化的行为

▪ 清晰的物理含义（可解释）

▪ 无需数据工程

Challenges

▪ 难于获取/推导第一原理

▪ 需要强大的专业知识与理论背景

数据驱动和第一原理建模可以共存
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示例概览

15

使用基于AI的降阶模型替换第一原理发动机模型

车速的闭环控制

Visualization

Road 

conditions

Simulated 

driver

Vehicle 

dynamics

Controllers
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示例概览
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使用基于AI的降阶模型替换第一原理发动机模型

Engine model

Simscape

Powertrain Blockset

Vehicle Dynamics Blockset

Could be 

developed in 

third-party 

tools (e.g. 

GT-POWER)

高保真

复杂模型

仿真慢
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示例概览

17

使用基于AI的降阶模型替换第一原理发动机模型

Engine model

Simscape

Powertrain Blockset

Vehicle Dynamics Blockset

Could be 

developed in 

third-party 

tools (e.g. 

GT-POWER)

白盒黑盒

输入量
发动机转速 (RPM)

点火时间
节气门开度
废弃旁通阀

输出量
发动机扭矩

Deep Learning Toolbox
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示例概览

18

系统级仿真
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数据准备的时间通常占大部分

19

Source: Andrew NG slide from MLOps 2021

Data is Food for AI
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生成合成数据用于训练

20

Unreal Engine®GANs Wireless Waveform 

Generator

Simulink/Simscape

Other techniques:
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合成数据生成

21

Design of Experiments

Input features
Engine speed (RPM)

Ignition timing

Throttle position

Wastegate valve

Response
Engine Torque

Vary model 
parameters

Run 
simulation

Log data
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合成数据生成

22

Design of Experiments
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Static

Look up 
table

Surface 
Fitting

Machine 
Learning

etc.

Dynamic

LSTM

Neural ODE

NLARX 
models

etc.

数据驱动的ROM

23
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基于AI的ROM：LSTM

24

LSTMs carry a memory cell (state) throughout

Inputs
Engine speed (RPM)

Ignition timing

Throttle position

Wastegate valve

Outputs
Engine Torque

从时间序列数据中学习时间上的依赖
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基于AI的ROM：LSTM

25

从时间序列数据中学习时间上的依赖
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基于AI的ROM：Neural ODEs

26

Ordinary Differential Equations (ODEs)

▪ Model phenomena in many domains: 

physics, finance, biology, chemistry, …

▪ In real-world applications, ODEs are solved 

with numerical integration techniques, 

approximating 𝑧 𝑡

Neural ODEs

▪ Solving an ODE from first principles may be 

challenging / not always possible

▪ Train a neural network from data to represent 

the function 𝑓 𝑡, 𝑧

▪ Solve the ODE using the trained network 

𝑁𝑁 𝑡, 𝑧, 𝜃 instead of 𝑓 𝑡, 𝑧

Input data z’ = NN(t, z, Ө) Next DL operation

Initial condition

Solution of the ODE
z0

[z(t1), z(t2), … ,z(tf)]

使用神经网络学习系统动态特性

ODE Solver 
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基于AI的ROM：Neural ODEs

27

使用神经网络学习系统动态特性
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基于AI的ROM：Nonlinear ARX

28

Nonlinear ARX (NLARX)

▪ Extends linear ARX to the nonlinear case

▪ Flexible choice of nonlinear functions

▪ May be more interpretable than Deep 

Learning models 

▪ Potentially faster training and simulation

input

output
Current input and past 

inputs and outputsoutput

使用Sigmoid-based Nonlinear ARX Model进行代理模型创建
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基于AI的ROM：Nonlinear ARX

29

使用Sigmoid-based Nonlinear ARX Model进行代理模型创建
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基于AI的ROM：Nonlinear ARX

30

使用SVM-based Nonlinear ARX Model进行代理模型创建
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将AI模型集成进行系统级仿真与测试

31

Integration of trained AI model into Simulink

System-level simulation
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在Simulink的系统模型中集成AI模型

32

Use Statistics and Machine Learning Toolbox 

System Identification Toolbox and Deep 

Learning Toolbox block libraries to bring AI 

models into Simulink

Use MATLAB Function 

Blocks for:

▪ Pre-/Post-processing

▪ Feature Extraction

▪ Other models

将AI模型集成其他算法用于系统级仿真与测试

TF importer

和其他框架互操作
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训练好的AI模型集成到Simulink

33
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训练好的AI模型集成到Simulink

34

Simulink Profiler
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系统级仿真

35
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自动代码生成部署到硬件

36
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使用 Embedded Coder 生成机器学习代码

37

C/C++

Source Code

Code 

Generation Any CPU
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生成深度学习 Library-Free 的 C 代码

38

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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生成深度学习 Library-Free 的 C 代码

39
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Hardware-in-the-loop simulation

40

I/O

Real-time computerTarget platform

Build & download models

Adjust parameters

Monitor signals

Code generation 

from algorithm

Code generation 

from plant model

系统级集成和测试
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Hardware-in-the-loop simulation

41
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LSTM
Long Short-Term Memory 

Network

Neural ODE
Neural Ordinary 

Differential Equation

NLARX Sig
Nonlinear ARX Sigmoid

NLARX SVM
Nonlinear ARX Support 

Vector Machine

Training Speed

Interpretability

Inference Speed

Model Size

Accuracy (RSME)

选择系统匹配的AI模型

42

Results are specific to Vehicle Engine ROM example

* Trained using GPU NVIDIA A100

*
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总结

43

使用基于AI的代理模型替换第一原理的发动机模型

First-principles modelsData-driven models

▪ 预处理Simulink合成数据

▪ 训练好的机器学习/深度学习/系统辨识模型来部分替
换复杂的车辆发动机动态系统

▪ 将训练好的模型集成到Simulink，结合第一原理模型
用于系统级仿真

▪ Generated C code and performed HIL tests

第一原理模型和数据模型可并存

 ngine mo el

        

                   
                         

 o l  be 

 e elope  in 
thir  party 
tools  e g  

         

 np ts
 ngine spee       

 gnition timing
 hrottle position

 astegate  al e

  tp ts
 ngine  or  e

        

Black-box White-boxGray-box



44

MathWorks AUTOMOTIVE CONFERENCE 2022

其他的参考示例

44

Model an Excavator Dipper 

Arm as a Flexible Body

Simplifying Higher-Order Plant 
Models

Simscape Multibody, 

Partial Differential Equation Toolbox

Link

Simscape Electrical, 

Simulink Control Design

Link

Robust Control Toolbox

Link

LPV Approximation of Boost 

Converter Model

Generate a Deep Learning SI 

Engine Model

Surrogate Modeling Using Gaussian 
Process-Based NLARX Model

Deep Learning Toolbox, 

Statistics and Machine Learning Toolbox

Link

Simulink, Simscape, 

Deep Learning Toolbox

Link

Simulink, Simscape, System Identification Toolbox, 

Statistics and Machine Learning Toolbox

Link

Physical System Modeling 

Using LSTM Network in Simulink

https://www.mathworks.com/help/physmod/sm/ug/model-excavator-dipper-arm.html
https://www.mathworks.com/help/slcontrol/ug/lpv-approximation-of-a-boost-converter-model.html
https://www.mathworks.com/help/robust/gs/simplifying-higher-order-plant-models.html
https://www.mathworks.com/help/autoblks/ug/generate-a-deep-learning-si-engine-model.html
https://www.mathworks.com/help/deeplearning/ug/physical-system-modeling-using-lstm-network.html
https://www.mathworks.com/help/ident/ug/surrogate-modeling-using-gaussian-process-nlarx-model.html
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MathWorks Provides Capabilities to Develop and Use AI Models

Statistics and 

Machine Learning 

Toolbox 

Deep Learning 

Toolbox 

Computer Vision 

Toolbox

Audio 

Toolbox

Lidar 

Toolbox

Communications 

Toolbox

Signal Processing 

Toolbox

Automated Driving 

Toolbox
WLAN 

Toolbox

5G 

Toolbox
Verticals

Wavelet

Toolbox

Powertrain

Blockset 

Robotics System 

Toolbox

MACHINE LEARNING

DEEP LEARNING

CNNs

LSTMs Neural ODEs

Transformers

TCN GANsVAE

Logistic 

Regression

Linear

Regression

K-Means

Decision Trees

Support Vector Machines

PCA

Random

Forests

Gaussian Processes

Feedforward 

Neural Networks

NARX Networks

Generalized 

Additive Models

Naive Bayes

Autoencoders

46
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49

MathWorks Engineering Support

Guided EvaluationsTraining

Technical Support

ConsultingOnsite Workshops
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免费入门MATLAB AI

Deep Learning

Onramp

无需下载，无需安装，只需要浏览器…

50

https://www.mathworks.com/learn/tutorials/deep-learning-onramp.html
https://www.mathworks.com/learn/tutorials/machine-learning-onramp.html
https://www.mathworks.com/learn/tutorials/reinforcement-learning-onramp.html
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其他资源

深度学习入门之旅(2小时免费上机操作):
https://www.mathworks.com/learn/tutorials/deep-learning-onramp.html

Deep Learning Workshop（3小时上手实践）
需要的话欢迎联系我们
Deep Learning 培训（16小时深度课程，线上或线下）
https://ww2.mathworks.cn/learn/training/deep-learning-with-matlab.html

使用MATLAB进行深度学习教学（课程开发支持，欢迎联系我们）
https://www.mathworks.com/academia/courseware/teaching-deep-learning-with-matlab.html

MATLAB自带示例（可以直接在MATLAB中运行）
https://ww2.mathworks.cn/help/deeplearning/examples.html

Github MATLAB深度学习资源
https://github.com/matlab-deep-learning/

MATLAB微信公众号
数据驱动的动态系统建模（一）：深度学习
数据驱动的动态系统建模（二）：系统辨识
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Thank you

2022 MathWorks

中国汽车年会
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