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摘摘摘要要要

控制回路故障诊断旨在提高工业生产装置操作的安全性与可靠性，一直受

到学术界与工业界的广泛关注。工业过程控制回路涉及多种复杂问题，其故障

可能存在多种形式。论文研究控制回路中模型预测控制（MPC）的模型失配故

障、回路振荡故障，以及基于数据驱动的贝叶斯故障诊断。针对工业现场的实

际问题，提出了外加测试信号的模型误差诊断，基于频域分析的回路振荡监

测，和基于期望极大化（EM）算法的贝叶斯故障诊断方法。本文具体研究内容

如下：

(1) 针对 MPC模型失配问题，提出了基于外加低幅正弦测试信号的模型诊断

方法。通过获取过程三个频率点上的精确频率响应并与当前 MPC模型比

较，加权形成模型误差矩阵；给出模型诊断误差上界概念，估计相应频率

响应的误差上界，评价诊断结果的可靠性。在单回路和多回路控制系统仿

真实验中效果良好，将算法开发形成可调用程序，准备应用于实际工业系

统。

(2) 针对控制回路中常见的回路振荡故障，提出了基于频域分析的回路振荡信

号监测方法。该方法应用了离散傅里叶变换和瑞利分布的相关性质，计算

不同灵敏度条件下的振荡监测阈值。通过仿真数据和实际数据验证了所提

方法能在高噪信比环境下监测多种频率振荡。

(3) 针对控制回路中监测器数据缺失情况，提出了基于 EM算法的贝叶斯故障

检测与分离方法。在 EM算法的迭代优化步骤中给出了解析表达式使得计

算简化。仿真验证环节中引入单容水箱例子和分馏塔控制例子用于方法验

证。最后将基于 EM算法的故障诊断方法与模型诊断算法相结合实施于实

际实验室装置，进一步验证了所提方法的实用性。

在所提方法中，模型误差诊断与回路振荡监测作为两种不同的故障监测器

应用于控制回路；基于 EM算法的贝叶斯诊断将多种故障监测器的结果协调统

一，形成控制回路全面诊断结果。通过相应的仿真实验、实验室装置测试以及

工业数据验证，表明了所提方法的有效性和实用性。

关键词：故障诊断，MPC模型诊断，振荡监测，贝叶斯诊断，期望极大化算法
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Abstract

Control loop fault diagnosis deals with the safety and consistency of control loop
operation, thus receiving increasing attention in both academic research and industrial
application. Since process control systems are complex, usually faults may occur in
different components and represent in different behaviors. This thesis is concerned
with different faults related to control system, which includes model error fault in model
predictive control (MPC), oscillation detection, and overall control loop diagnosis with
missing data problem. In order to handle practical issues, non-disturbing test signal
is used to detect the model error; frequency analysis is employed in the oscillation
detection approach; as well as the Expectation-Maximization (EM) algorithm is applied
to overcome the data missing problem. The major work of this thesis includes:

(1) Introduce a method of multivariable model error detection in MPC. The idea is
to use non-disturbing small sinusoidal test signals to obtain accurate estimates of
process frequency responses at several frequency points. Then, the differences
between estimated frequency responses and the frequency responses of current
MPC model are used to form the model error index matrix which is used to
access the model error of the MPC controller. An upper error bound is developed
for quantifying the error of frequency response estimation. Simulation studies
are used to demonstrate the usage of the method. Thenceforward, a model error
detection toolbox has been developed and prepares to be applied in real industrial
application.

(2) Introduce an oscillation detection method by analyzing the magnitude of signal
after discrete Fourier transform (DFT). Properties of Raleigh distribution are used
to calculate a threshold in order to detect multiple oscillations simultaneously in
presence of colored noises based on a statistical confidence level. A simulation
example and an industrial case study are provided to verify the effectiveness of
the proposed approach.

(3) Introduce a data-driven approach for fault diagnosis in the presence of incom-
plete monitor data. The EM algorithm is applied to handle missing data in order
to obtain a maximum likelihood solution for the discrete (or categorical) distri-
bution. Because of the nature of categorical distributions, the maximization step
of the EM algorithm is shown in this thesis to have an easily calculated analytical
solution, making this method computationally simple. Two simulation examples
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(single tank water level control system and distillation column system) as well as
an experimental study on a balls-in-tubes system are investigated to demonstrate
advantages of the proposed approach.

In the proposed methods, model error detection and oscillation detection are ap-
plied as independent monitors for different components in control loop, while the
Bayesian diagnosis is a systematic approach to synthesize monitors, which provides
an ultimate diagnosis result. Several simulation examples, balls-in-tubes experimen-
tal study as well as industrial case study are considered to illustrate the efficacy of the
proposed method.

Key Words: Fault diagnosis, MPC model error detection, Oscillation detection,
Bayesian diagnosis, Expectation-Maximization algorithm.
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