
00

© 2024 The MathWorks, Inc.

刘海伟, MathWorks中国

从系统辨识到AI建模 从最优控制到强化学习



11

客户场景
住友重工为液压挖掘机加快开发嵌入式模型预测控制(MPC)软件

他们需要设计控制器，使发动机在重载装卸过程中出现负载
波动时保持所需的速度

Challenges

▪ 加快液压挖掘机嵌入式控制器的开发，以满足开发截止日
期、排放标准和安全要求

▪ 没有挖掘机的解析模型(或许供应商没有提供)

Solution

▪ 使用 Model Predictive Control Toolbox 开发 embedded 

MPC A Sumitomo hydraulic excavator.

？
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从系统辨识到AI建模 从最优控制到强化学习

Data

• Modeling 
Dynamic Systems 
for Control 
Design and 
Analysis

System 
Modeling • Optimal Control 

+ AI (MPC and 
Reinforcement 
Learning)

Control 
Design

Analysis

AI
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从系统辨识到AI建模

什么是系统辨识

▪ 使用实验数据离线或在线估计数学模型(黑盒)

或在调整预知/预定义模型的参数(Grey Box)

为什么使用系统辨识

43

2
2 ++

+

ss

s
t

y
(t
)

Data to Model

控制系统设计

• 对象和噪声模型

预测

• 模型降阶 噪声消除 金融分析

决策

• 虚拟传感器 故障诊断 模态分析

ROMNonlinear Control Design

?

Virtual Sensor Modeling

Kalman Filters
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从系统辨识到AI建模：系统辨识的模型类型

链接 链接 链接 链接 链接

线性系统

• ARMAX, Box-
Jenkins

• state-space, 
transfer function

• 过程模型
(process 
models)

非线性系统

• Nonlinear ARX

• Hammerstein-
Wiener

Grey-Box估计

• 线性或非线性
grey-box 
algorithms

• 估计预定义结构
模型的待定参数

在线估计

• Kalman Filter

• Recursive Least 
Square

深度学习

• RNN, LSTM, 
GRU

• 神经网络状态空
间(Neural ODE)

https://www.mathworks.com/help/releases/R2024a/ident/linear-model-identification.html
https://www.mathworks.com/help/releases/R2024a/ident/nonlinear-model-identification.html
https://www.mathworks.com/help/releases/R2024a/ident/grey-box-model-estimation.html
https://www.mathworks.com/help/releases/R2024a/ident/online-estimation.html
https://www.mathworks.com/help/releases/R2024a/ident/neural-state-space-models.html
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线性系统
示例:利用数据辨识温度模型提升控制器设计

数据

模型辨识控制器设计

实现
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线性系统
示例:利用数据辨识状态空间模型用于模态分析

获取数据 辨识模型 模态分析

order = 6; 

sys = era(tt, order, 'Feedthrough', true) [~,f] = modalfrf(sys); 

[fd, zeta] = modalfit(sys,f,3); 

order = 4; 

sys = era(tt, order, 'Feedthrough', true);

模态分析获得模态频率和阻尼系数

降阶模型的模态分析并对比原模型

ERA (特征系统实现算法)
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非线性系统

Nonlinear ARX

• 动态非线性估计，如小波网络，树划
分，和sigmoid网络

• 机器学习和深度学习用于建模非线性
动态特性

Hammerstein-Wiener

• 用线性传递函数表示动力学，用线性
系统输入和输出的非线性函数捕捉非
线性

LPV

• LPV是用一组线性状态空间模型，其
动态变化是某些时变参数(称为调度参
数)的函数

Linear 

System
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使用非线性ARX模型建模非线性系统并嵌入物理见解和知识

Nonlinear ARX Models: 

使用灵活的非线性函数扩展线性模型和模型复杂
的非线性行为

• Wavelet Network

• Sigmoid Network

• …..

• Gaussian Process

• Support Vector Machine

• Regression Tree Ensemble

State-of-the-art machine 

learning algorithms to capture 

nonlinearities

• Linear regressors

• Polynomial regressors

• Periodic regressors

• Custom regressors 

       Ex: 

General purpose nonlinear 

function estimators

Requires Statistics and Machine Learning Toolbox

max(min 𝑢 𝑡 − 1 , 100 − 100)
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使用Hammerstein Wiener模型建模非线性系统并嵌入物理见解和知识

Hammerstein Wiener Models: 

通过串联非线性静态修正扩展线性动态模型

• Wavelet Network

• Sigmoid Network

• …..

• Saturation

• Dead Zone

• …..

• Gaussian Process

Machine learning algorithm to 

capture nonlinearities

Physics inspired nonlinear 

estimators 

General purpose nonlinear 

function estimators

Requires Statistics and Machine Learning Toolbox

Linear System
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基于NLARX 和Machine Learning 的 SI Engine 动态建模示例

Features

{𝑦 𝑡 − 1 , 𝑦 𝑡 − 2 , … , 𝑦 𝑡 − 5 ,
𝑢1 𝑡 , 𝑢1 𝑡 − 1 …, 𝑢1 𝑡 − 5 ,

⋮
𝑢4 𝑡 , 𝑢4 𝑡 − 1 …, 𝑢4 𝑡 − 5 }

Linear Fcn

拟合线性模型

使用线性模型初始化
NARX并固定线性模型

尝试GP, SVM, Sigmoid
网络有用于非线性建模

使用NLARX训练模型

在验证集上比较结果
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LPV(linear parameter-varying)

Simulink Control Design Toolbox

ሶ𝑥 = 𝛿 𝑝 + 𝐴(𝑝)(𝑥 − 𝑥0(𝑝)) + 𝐵(𝑝)(𝑢 − 𝑢0(𝑝))

𝑝 = ℎ(𝑡, 𝑥, 𝑢)

𝑦 = 𝐶(𝑝)(𝑥 − 𝑥0 𝑝 ) + 𝐷(𝑝)(𝑢 − 𝑢0(𝑝))

system
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Grey-Box估计

▪ 使用场景
动力学模型（ODE）框架是已知或预定义的m脚本/c mex file,模型中的系数需要使用数据进行标定

预定义的模型 实测数据 辨识模型参数
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Grey-Box估计
针对Simulink模型的Grey-Box Estimation

▪ 如果你的模型不是m脚本而是Simulink模型

Simulink Design Optimization Toolbox Model-Based Calibration Toolbox

Simulink Design Optimization会利用数据对
模型中的位置参数进行优化求解，从而到最
优参数

如果你的Simulink模型中有很多Look-up 

Table需要使用数据进行标定，可以使用
Model-Based Calibration的Feature Filling
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在线估计

Online Parameter Estimation Online State Estimation

▪ Recursive Least Squares and Recursive Polynomial 

Models blocks and functions

▪ Recursive AR, ARX, ARMA, ARMAX, OE functions

▪ Blocks and functions support code generation
▪ Kalman Filter, EKF, UKF, Particle Filter
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深度学习
创建基于深度学习的非线性状态空间模型

State Network (f)

Output Network (g)

Neural State-Space Models:

创建非线性状态空间模型，其中非线性状态函数f和
非线性输出函数g是从数据中学习的神经网络
 (popularly known as Neural ODE in deep learning community)

Requires Deep Learning Toolbox

Multi-layer Perceptron (feedforward) 

networks
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SUBARU利用AI Surrogate Model减少变速器控制系统分析时间

The AI model can now reproduce waveforms at any 

source pressure, oil temperature, and current. The 

calculation time can be significantly reduced while 

ensuring the accuracy of hydraulic waveforms.

The AI surrogate model for studying selective control was built 

completely in MATLAB.

Link to user story

在自动档车辆中，变速器液压控制系统调节液压流体的
流量，确保在不同行驶工况下平稳的换挡和高效的动力
传递。

方案

▪ 该 AI 替代模型是通过 MATLAB® 使用神经 ODE 模型
构造的。应用这种 AI 替代模型比之前使用第三方一
维物理模型进行分析大幅缩短了计算时间。

关键成果

• 与原来的一维模型相比，计算时间减少 99%

• 在 MATLAB 中构造的 AI 替代模型可以重现具有任意
电流、油温和源压力读数的波形

• 准确重现波形，即使在模型未经训练的油温范围内也
是如此

https://www.mathworks.com/company/user_stories/subaru-uses-ai-surrogate-model-to-reduce-transmission-control-system-analysis-time.html
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● E.g. Long Short Term Memory (LSTM) networks

+ Memory learnt during training

+ Useful for highly nonlinear dynamics

– Large training data sets required

– Long training time

– Low interpretability

神经网络用于动态模型：LSTM

Experiment Manager App Deep Learning Toolbox

https://www.mathworks.com/help/deeplearning/ref/experimentmanager-app.html
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Sanden 利用AI代理模型提高汽车空调的建模效率

▪ 建立了高精度的汽车空调系统
LSTM替代模型

▪ 计算速度提高了100倍

▪ 成功的建模建立了一个纳入现
实世界的参数的方法，包括热
量

链接

https://ww2.mathworks.cn/company/user_stories/sanden-advances-air-conditioning-modeling-with-deep-learning.html
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客户场景
住友重工为液压挖掘机加快开发嵌入式模型预测控制(MPC)软件

缺乏发动机模型，但他们需要设计控制器，使发动机在重载
装卸过程中出现负载波动时保持所需的速度

Challenges

▪ 加快液压挖掘机嵌入式控制器的开发，以满足开发截止日
期、排放标准和安全要求

▪ 没有挖掘机的解析模型(或许供应商没有提供)

Solution

▪ 使用系统辨识从发动机数据中估计模型

▪ 在MPC中，使用辨识的模型作为内部预测模型

▪ 使用Embedded Coder生成代码并部署到控制器

Results

▪ 燃油效率提高了15%

▪ 工程工作量减少了50%

▪ 紧迫的截止日期

A Sumitomo hydraulic excavator.

Link to user story

“Sumitomo Construction Machinery achieved a 

15% reduction in fuel consumption without 

sacrificing the excavator’s dynamic performance. 

The increase in efficiency was due, in part, to a 

50% reduction in engine speed fluctuations made 

possible by Model Predictive Control Toolbox and 

our improved control design.

- Eisuke Matsuzaki, Sumitomo Heavy Industries

https://www.mathworks.com/company/user_stories/sumitomo-heavy-industries-speeds-development-of-embedded-model-predictive-control-software-for-hydraulic-excavators.html
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从系统辨识到AI建模 从最优控制到强化学习

Data

• Modeling 
Dynamic Systems 
for Control 
Design and 
Analysis

System 
Modeling • Optimal Control 
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不同类型的最优控制问题

Optimal control technique that trains an 

‘agent’ through trial & error interactions with 

an environment

Reinforcement Learning

强化学习
Problem-solving technique that involves

breaking down a complex problem into smaller 

subproblems and storing the solutions to these 

subproblems in memory.

Dynamic Programming

Optimal control method that learns optimal 

solution through perturbation of control 

parameters or input signals

Extremum Seeking Control 

(ESC)

Receding horizon approach that solves a 

constrained optimization problem.

Model Predictive Control

Linear Quadratic Control (LQ)

Optimal control where both the system model 

and performance objective are represented 

by linear and quadratic functions, 

respectively.

极值搜索模型预测控制

强化学习 动态规划

An optimal control tool/technique for designing 

single-input single-output (SISO) or MIMO 

feedback controllers to achieve robust 

performance and stability

H-infinity synthesis
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MPC模型预测控制

▪ MIMO control technique that solves a constrained optimization problem 

in receding horizon fashion

State Estimator

KF, EKF, etc.
Measured outputs (MOs)

Manipulated variables (MVs)Reference

State

estimates

Optimizer

Prediction

model

MPC Controller

Cost function Constraints

*

*

*

Plant
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Prediction model specification

Simulink Control Design

线性化后的模型

LTI 模型
Control System Toolbox

Data-driven models with 

System Identification Toolbox

Linear MPC

Analytical models with 

Symbolic Math Toolbox

MATLAB函数实现的解析模型

Neural-ODE models with 

System Identification Toolbox 

and Deep Learning Toolbox

Nonlinear MPC

MPC Controller

Optimizer

Prediction 

model

第一原理模型

数据驱动模型
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MPC with system identification
Neural state-space prediction model

State Estimator

KF, EKF, etc.
Measured outputs (MOs)

Manipulated variables (MVs)Reference

State

estimates

Optimizer

Prediction

model

MPC Controller

Cost function Constraints

Plant

ሶ𝒙 = 𝒇(𝒙, 𝒖)
𝒚 = 𝒈(𝒙, 𝒖)

Neural state space model
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结合Neural State Space预测模型的非线性MPC用于控制空调加热系统

▪ Plant: 房屋空调加热系统

▪ Goal: Minimize energy cost and maintain house temperature within a 

range, e.g. [20 °C, 22 °C]

State Estimator

Measured house temperature (MO)

Heater (MV)Reference

Optimizer
Prediction model

MPC Controller

Cost function Constraints

Plant

Outdoor 

temperature (MD)

*

*
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结合Neural State Space预测模型的非线性MPC用于控制空调加热系统

NMPC with neural state-space prediction model 

control design workflow

训练预测模型
使用神经网络状态空间预测

模型设计MPC
Closed-loop
桌面仿真

代码生成和部署

构建状态空间模型网络
框架

配置网络超参数

使用实验数据训练网络

生成状态方程函数

指定训练好的预测模型状态方程

指定cost, prediction horizon, 

constraints, 和 weights 

使用自动微分生成雅可比函数
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结合Neural State Space预测模型的非线性MPC用于控制空调加热系统

▪ 内置的Simulink block 用于实现非
线性MPC

▪ 无需深度学习专家知识轻松训练
neural state space 预测模型

▪ Automatic differentiation 和 code 

generation

示例链接

示例视频链接

训练预测模型
使用神经网络状态空间预测

模型设计MPC
Closed-loop
桌面仿真

代码生成和部署

在电价涨价之前提前预热

https://ww2.mathworks.cn/help/mpc/ug/use-multistage-mpc-with-neural-state-space-prediction-model-for-house-heating.html
https://www.bilibili.com/video/BV12g4y117Dj/
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不同类型的最优控制问题

Optimal control technique that trains an 

‘agent’ through trial & error interactions with 

an environment

Reinforcement Learning

强化学习
Problem-solving technique that involves

breaking down a complex problem into smaller 

subproblems and storing the solutions to these 

subproblems in memory.

Dynamic Programming

Optimal control method that learns optimal 

solution through perturbation of control 

parameters or input signals

Extremum Seeking Control 

(ESC)

Receding horizon approach that solves a 

constrained optimization problem.

Model Predictive Control

Linear Quadratic Control (LQ)

Optimal control where both the system model 

and performance objective are represented 

by linear and quadratic functions, 

respectively.

极值搜索模型预测控制

强化学习 动态规划

An optimal control tool/technique for designing 

single-input single-output (SISO) or MIMO 

feedback controllers to achieve robust 

performance and stability

H-infinity synthesis
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HEV Control – 能量管理

▪ 函数解：求解对执行器(发动机、电机)

的瞬时扭矩(或功率)指令

▪ 满足约束:

▪ 目标：尽量减少能源消耗，保持驾驶
性能

Tdemand = Teng + Tmot ???
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动态规划和庞特里亚金极小值原理

▪ 将最优控制问题变成hamiltonian函数的瞬
时优化求解

▪ 如果驱动周期已知，PMP可以产生接近最
优的解决方案

▪ 对于未知的驾驶循环可以使用自适用方法
进行增强

min 𝑃𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝑡 = 𝑃𝑓𝑢𝑒𝑙 𝑡 + 𝑠(𝑡) ∙ 𝑃𝑏𝑎𝑡𝑡𝑒𝑟𝑦 𝑡 , 

 where s(t) are the “equivalent factors”

Equivalent Consumption Minimization Strategy 
(ECMS)

动态规划

𝑥𝑘+1 = 𝑓𝑘 𝑥𝑘 , 𝑢𝑘

𝑉 𝑥𝑁, 𝑁 =  ℎ 𝑥𝑁, 𝑁
𝑉 𝑥𝑘 , 𝑘 = min

𝑢𝑘∈𝑈𝑘 𝑥𝑘

𝐿𝑘 𝑥𝑘 , 𝑢𝑘 + 𝑉 𝑓𝑘 𝑥𝑘 , 𝑢𝑘 , 𝑘 + 1

𝑘 = 𝑁 − 1, … , 1
倒推：先计算k=4时刻的各个不同SOC(状态)下的值函数
𝑉 ȁ𝑆𝑂𝐶𝑘 , 𝑘 𝑘 = 4 . 然后继续倒推，计算任意k时刻，遍历所
有离散化的状态和离散化的控制组合，可以得到每个时刻
各个状态 𝑥𝑘 , 𝑘 对应的值函数𝑉 𝑥𝑘 , 𝑘 和各个状态下最优的
控制量矩阵𝑀𝑢 𝑥𝑘 , 𝑘
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什么是强化学习

▪ 适用于通常需要启发式的序列决策问题

▪ 一种机器学习技术，通过与环境的试错交互来训练“智能体”

AGENT

Reinforcement 

Learning 

Algorithm

Policy

ENVIRONMENT

ACTIONS

REWARD

OBSERVATIONS

Policy update
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Reinforcement Learning Toolbox

▪ MATLAB函数/ Simulink模型与环境的接口
– 强化学习用“RL Agent”模块

▪ 创建智能体的网络

▪ 智能体
– Q-Learning

– DQN / Double DQN

– SARSA

– REINFORCE*1

– DDPG

– A2C*1,*2

– 并行学习(GORILA / A3C*1,*2)

– PPO

▪ 策略发布

训练

策略部署

创建环境

结果验证

构建策略网络

定义奖励$

问题构建

智能体

奖励

状态

环境

策略

策略更新

强化学习算
法

动作
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ECMS Controller

需求扭矩

𝑃𝑏𝑎𝑡 𝑡 =
arg min

𝑃𝑏𝑎𝑡 𝑡
ሶ𝑚𝑓 𝑃𝑏𝑎𝑡 𝑡 , 𝑡 + 𝝀 𝒙(𝒕) ∙ ሶ𝑆𝑂𝐶 𝑡

计
算
最
优
扭
矩
分
配

•
发
动
机
扭
矩

•
电
机
扭
矩

车辆状态

RL Agent  

计
算
瞬
时
奖

励

智
能

体
输
出
等
效
因
子

驾驶循环

Reinforcement Learning 结合 ECMS算法用于标定等效燃油因子𝝀
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利用Simulink的强化学习流程(DDPG的例子)

控制系统建模

环境(被控对象)接口创建

智能体设计

训练智能体

控制性能评价

・ 环境-被控对象

・ 奖励-奖励函数

・ 智能体

・ Critic 网络

・ Actor 网络

・ DDPG 智能体

输入输出数据规范

信号/连续、离散/上下限等

RL Agent
智能体

Deep Network Designer
(Deep Learning Toolbox)

train

rlDDPGAgent

状态

动作

学习状态监视器

对象
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利用Simulink进行强化学习流程(DDPG 智能体示例)

经验回放
策略模型

𝑎𝑡 = 𝜇 𝑠 𝜃𝜇 + 𝑁𝑡

miniBatch数据处理
（提取N个经验样本）

∇𝜃𝜇𝐽 ≈
1

𝑁
෍

𝑖

∇𝑎𝑄 𝑠, 𝑎 𝜃𝑄 ቚ
𝑠=𝑠𝑖, 𝑎=𝜇 𝑠𝑖

∇𝜃𝜇 𝜇 𝑠 𝜃𝜇 ቚ
𝑠=𝑠𝑖 𝜃𝑄′

← 𝜏𝜃𝑄 + 1 − 𝜏 𝜃𝑄

𝜃𝜇′
← 𝜏𝜃𝜇 + 1 − 𝜏 𝜃𝜇

𝑦𝑖 = 𝑟𝑖 + 𝛾𝑄′(𝑠𝑖+1, 𝜇′(𝑠𝑖+1ȁ𝜃𝜇′
)ȁ𝜃𝑄′

)

𝐿 =
1

𝑁
෍

𝑖
𝑦𝑖 − 𝑄 𝑠𝑖 , 𝑎𝑖 𝜃𝑄

2

环境（被控对象）

(𝑠𝑡, 𝑎𝑡, 𝑟𝑡, 𝑠𝑡+1)

缓存数据

(𝑠𝑖 , 𝑎𝑖 , 𝑟𝑖 , 𝑠𝑖+1)

𝑠𝑡

动作价值函数
𝑄(𝑠, 𝑎ȁ𝜃𝑄)

Actor

Critic

损失函数𝐿最小化
梯度法更新 𝜃𝑄

𝑄 
（TD error）

最大化动作价值函数
梯度法进行𝜃𝜇的更新

𝜇 更新规则
（策略梯度）

动作
• lambda（1*1）

𝑎𝑡

状态
• SOC、车速(2个, 也可以考虑需

求功率)

智能体训练

梯度计算

损失函数
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C++/GPU code gen

Overview of Reinforcement Learning Toolbox Features

2019 2020 2021 2022 2023

Agents and Algorithms

Environments

Training

Q, SARSA, DQN, 

REINFORCE, 

DDPG, PPO

Create MATLAB 

and Simulink 

environments

Automatic reward 

generation

Evolution strategy

Reinforcement 

Learning Designer 

app

自定义智能体 Modular objects for custom training loop

Prioritized and Hindsight replay memory

Enhanced data logging and visualization

Parameter tuning

Train built-in agents Learn from dataMulti-agent training

自定义算法

使用开箱即用的算法

开发新算法

A2C, A3C, TD3, 

SAC
TRPO MBPO
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RL replacing classical controls

(Link to customer presentation)

Reinforcement Learning Toolbox用于解决一系列决策问题和应用

RL augmenting classical controls

(Link to customer presentation)

RL for complex nonlinear control

(Link to article)
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Reinforcement Learning Toolbox 用于解决一系列决策问题和应用

RL in cybersecurity

(Link to customer presentation)

RL for radar design

(Link to customer presentation)

RL blow molder control

(Link to customer story)

https://www.mathworks.com/videos/5g-vulnerability-analysis-with-reinforcement-learning-toolbox-1653522898058.html?s_tid=srchtitle
https://www.mathworks.com/company/user_stories/krones-ag-builds-reinforcement-learning-based-process-control-in-the-blow-molder-contiloop-ai-for-pet-and-rpet-bottles.html?s_tid=srchtitle
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相关资源

▪ Reinforcement Learning Toolbox product page

▪ Reinforcement Learning Onramp

▪ Instructor-led training

▪ Demo videos

▪ Documentation and examples written for 

engineers and domain experts

▪ Tech Talk video series on Reinforcement 

Learning concepts for engineers

▪ Reinforcement Learning e-books

▪ 微信文章

– AI与控制（二）：从优化到最优控制，从动态规

划到强化学习

https://www.mathworks.com/learn/training/reinforcement-learning-in-matlab-and-simulink.html
https://www.mathworks.com/videos/search.html?q=&fq%5B%5D=video-external-category:demo&fq%5B%5D=product:RL&page=1
https://www.mathworks.com/help/reinforcement-learning/examples.html?s_tid=CRUX_topnav
https://www.mathworks.com/videos/series/reinforcement-learning.html
https://www.mathworks.com/campaigns/offers/reinforcement-learning-with-matlab-ebook.html
https://mp.weixin.qq.com/s/G9Nbf2wlAanOO8guWbnvzQ
https://mp.weixin.qq.com/s/G9Nbf2wlAanOO8guWbnvzQ
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总结

数据驱动的被控对象建模用于控制系统设计

• 结合AI的一些经典的系统辨识（NLARX+AI, 
NLHW+AI）

• 基于AI的系统辨识算法（神经网络状态空间
等等）

最优控制+AI

• 模型预测控制+AI

• 强化学习
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Q & A
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