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I 

摘要 

近几十年，结构健康监测在方法、技术、设备上都不断发展。目前已有越来

越多的工程项目安装了结构健康监测系统，为全面分析结构的安全和使用性能提

供了方便，同时也带来了诸多挑战。其中，未知激励下的结构参数实时识别引起

学者的注意。此外，对于大型结构，子结构线性和非线性参数识别也是目前的热

点所在。不仅如此，健康监测与振动控制一体化由于其合理性也得到许多关注研

究。 

在众多结构参数实时识别的方法中，扩展卡尔曼滤波是一种行之有效的方法

而得到广泛运用。传统卡尔曼滤波需要已知激励信息，对此，学者发展了未知激

励下的扩展卡尔曼滤波方法，但目前提出的未知激励下扩展卡尔曼滤波方法对加

速度响应的测量位置要求还比较高，例如需要观测在激励作用位置的加速度响应，

或者不能识别未知移动荷载，这限制了这些方法的实际应用。因此，需从方法机

理上研究在未观测未知输入处加速度响应情况下，实时对结构状态和未知激励输

入进行识别的方法。 

对实际土木工程结构，往往只能监测结构部分的响应，难以获得结构外部输

入的全部信息；而土木工程结构具有大型性与复杂性。虽然子结构分析识别是重

要有效的方法，但子结构间的相互作用，对分析的子结构也是“未知的输入”。

因此需要在“未知输入”情况下，进行子结构参数识别。目前的子结构参数（线

性/非线性）实时识别方法需要观测子结构边界自由度响应或边界力，这限制了

子结构方法的应用。 

此外，在结构振动控制领域，通常把振动控制和健康监测分割开来，但是结

构控制系统和健康监测系统都需要传感器和数据采集、传输系统来实现，当建筑

结构同时需要控制与监测这两种需求时，这样分别考虑是不实际的而且花费甚巨。

发展一个综合的建筑结构结合振动控制系统和健康监测系统是很必要的。目前学

者研究的一体化方法仍需观测结构所有自由度的加速度响应，这在实际工程中也

是不易实现且不经济的。 

基于上述研究背景，本论文主要进行了以下的研究工作： 

（1）本文第二章提出一种广义的未知激励下卡尔曼滤波方法，是目前研究
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未知激励与结构实时识别的最一般方法。该方法是在扩展卡尔曼滤波的基础框架

上直接推导而来，将结构状态方程以一阶保持（FOH）离散，以此达到即使在观

测方程中不包含激励信息时（即激励作用处不放置加速度传感器）仍能有效识别

结构外激励、结构状态及结构参数，亦能用于移动荷载的识别。并且，数据融合

也被采用在该方法中，将加速度和位移传感器监测数据进行融合，互补并协同工

作，能充分发挥各种监测数据的不同功效，克服现有基于卡尔曼滤波方法在未知

输入下识别结果漂移。 

（2）第三章将子结构边界力视为对目标子结构的“附加激励”进行识别，针

对现有大型结构的子结构识别方法需要观测子结构边界力或边界响应的局限，结

合“广义的未知激励下的扩展卡尔曼滤波方法”与“子结构方法”，提出基于子结

构的复杂结构线性参数识别方法。这一方法能够在不观测子结构边界力和边界

响应的情况下良好识别线性子结构的运动状态、参数和子结构的未知外激励。并

且对于梁、柱等可以按尺寸划分子结构的大型结构 ，可以分两个尺度建模，两

次识别结构参数，精确找出损伤位置和定量损伤大小。 

（3）第四章在第三章识别线性子结构参数识别的基础上，考虑了结构发生

非线性的情况，提出基于子结构的复杂结构非线性特征识别方法。当子结构参数

发生非线性时，将子结构非线性参数扩展到状态向量中，识别子结构的运动状态、

线性和非线性参数以及未知外激励。 

（4）第五章针对目前的结构识别和振动控制实时相结合方法需要观测所有

自由度加速度响应的局限性，提出在未知激励情况下仅需部分观测结构响应的结

构识别与振动控制相结合的实时方法，更适用于实际工程。首先提出结构识别与

主动控制实时相结合的方法。而后提出结构识别与半主动控制实时相结合的方法。 

以上研究在本文中都有相应算例验证方法的可行性和有效性。 

以上研究得到国家自然科学基金支持。项目名称“基于数据融合的系列卡尔

曼滤波新方法及结构动位移实时估计和多尺度识别结构局部损伤” 项目批准号：

51678509； 项目名称“建筑结构健康监测与振动控制实时结合研究” 项目批准号：

51378445。 

关键词：扩展卡尔曼滤波；未知激励；子结构参数识别；识别与振动控制相结合 
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ABSTRACT 

In the past decades, the theory, techniques and equipment of structural health 

monitoring (SHM) developed rapidly. At present, there are more and more engineering 

projects to install the SHM system, which provides a convenient way to analyze the 

safety and performance of the structure. At the same time, it also brings many 

challenges. Among them, the real-time identification of structural parameters under 

unknown excitation has attracted the attention of scholars. In addition, the linear and 

nonlinear parameter identification is a hot spot for large structures. Moreover, the 

integration of health monitoring and vibration control has received much attention due 

to its rationality. 

The extended Kalman filter (EKF) has been widely used for structural 

identification and damage detection with limited observations. However, conventional 

EKF requires the information of external inputs. Although some researchers have 

investigated extended Kalman filter under unknown input (EKF-UI) in recent years, 

previous approaches are only applicable when acceleration responses at the locations 

of unknown inputs are measured.  

For the identification and structural damage detection of large size structures, 

substructure identification is an efficient approach. However, it is still a challenging 

task for substructure identification without the observation of responses at the interfaces 

of substructures.  

In addition, when a building structure requires both vibration control system and 

health monitoring system, integrating two systems together will be affective and cost-

effective. How to reduce the number of using sensors is a key problem to solve. 

Based on the above research background, the main work of this paper is as follows:  

In the first part, a general extended Kalman filter (GEKF-UI) is proposed, in which 

existing constraints on sensor configuration can be removed enabling more general 

application. In the proposed GEKF-UI, the equation of motion is discretized by the first 

order hold (FOH) and the analytical formulations for the GEKF-UI is derived based on 

the framework of the conventional EKF. Moreover, data fusion of partially measured 

displacement and acceleration responses is applied to prevent the drifts in the estimated 
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structural displacements and unknown external inputs.  

In the second part (chapter3 and chapter4), an substructural identification approach 

combine the GEKF-UI and substructure method is proposed to identify the linear and 

nonlinear structure. The proposed GEKF-UI is adopted for the implementation of 

substructure identification and damage detection in a large-size structure. The 

interconnections between adjacent substructures are treated as ‘additional unknown 

inputs’ to the concerned substructure. Without the observation at substructure 

interfaces, element structural parameters in the substructure can be identified by the 

GEKF-UI, and substructure damage can be detected by tacking the degradation of 

these parameters.  

The last piece of work, the GEKF-UI and the vibrtion control are combined to 

realize the integration of structural identification and vibration control. Comparing to 

other approach exist, this method can reduce the number of using sensor, realize the 

paticial observation. 

In addition, numerical simulations are carried out respectively to validate the the 

proposed methods, which could serve as an alternative approach for structural dynamic 

analysis. 

The research content of this thesis is supported by the national natural science fund 

project "kalman filter method based on data fusion and real-time estimation of structure 

dynamic displacement and local damage detection by multi-scale structure" (project 

approval no.51678509). And project“The Integration of Structural Identification and 

Vibration Control.”(project approval no. 51378445) 

Keywords: general extended Kalman filter,unknown inputs, substructure identification, 

intergrated identification and vibration control 
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