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中  文  摘  要

	随着现代系统的日益复杂，系统可靠性和安全性越来越受到人们的重视。然而，当执行器、传感器或系统的其他元部件发生故障时，在传统的反馈控制器作用下闭环系统通常不具有期望的性能甚至不稳定。容错控制技术是解决这一问题的有效方法之一。采用适当的容错控制技术可以使系统在某些部件发生故障情况下，仍能保证系统稳定且使得闭环系统具有较理想的性能。
目前，动态系统的容错控制技术越来越受到关注与重视。利用线性矩阵不等式（LMI）技术设计的被动容错控制器具有易于实现的特点，并可以保证闭环系统在正常和故障情况下渐近稳定且系统在不同模式下的性能可以被优化。然而，随着所考虑的系统故障增多，这种基于一个固定控制器的被动容错方法保守性增加甚至不能使系统达到满意的性能。主动容错方法中的自适应方法具有自动调整控制器参数和结构的功能且能保证系统稳定性，但系统在不同模式下的性能, 如
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性能无法被优化。本文的主要贡献是在总结前人工作的基础上，将被动容错控制方法中的线性矩阵不等式技术与主动容错中控制方法中的自适应方法成功结合，并利用其各自优点，建立了一整套新的容错控制方法的理论框架。由于自适应机制的成功引入，该方法可以优化闭环系统在不同运行模式下的性能并减少被动容错方法中固有的保守性。同时将部分理论研究成果应用于F-16飞机模型，F-18飞机模型，河流污染和F-404型发动机容错设计的仿真研究中，这也从直观的角度表明文中结论的可行性和优越性。
第1-2章系统地分析和总结了容错控制这一前沿研究领域的发展现状及研究方法，并给出了与本文相关的一些预备知识。
第3章基于线性矩阵不等式技术和自适应方法，研究了线性时不变系统的自适应容错状态反馈和动态输出反馈设计问题。所考虑的执行器故障模型包括中断和部分失效情况。在传统固定增益容错控制器设计方法的基础上，引入自适应机制并设计自适应变增益控制器。该自适应控制器的特点是控制器的参数可以根据执行器故障参数的在线估计而自动调节以补偿故障对系统的影响。同时可以确保系统在正常和故障情况下渐近稳定且其自适应H1性能指标可以在线性矩阵不等式的框架中进行优化。所提出的自适应控制器设计条件相对于传统的固定增益控制器设计条件保守性小, 仿真结果进一步表明本方法相对于固定增益控制器方法的优越性。
第4-5章在第3章的基础上，研究了线性时滞系统的自适应容错控制器设计问题。首先，在第4章针对时滞系统提出了新的自适应容错状态反馈控制器和动态输出反馈控制器设计方法。该控制器参数仿射依赖于由自适应律在线调节的故障参数。与第3章不同的是，所设计的自适应律与系统中时滞信息相关。由于自适应机制的成功引入，所得到的自适应容错控制器设计条件在理论上比固定增益控制器设计条件保守性小。由于记忆反馈控制器包含系统现在和过去的状态且可以提高系统性能，第5章研究了线性时滞系统的自适应容错记忆控制器设计问题。在所设计的记忆控制器中，记忆项和无记忆项的增益均为时变且仿射依赖于故障参数的在线估计。
第6章 针对执行器部分失效情况，研究了线性时不变系统的自适应容错跟踪控制器设计问题及其在飞行控制中的应用。在不使用故障检测与诊断装置的情况下，当执行器在发生故障时该方法能自动在正常控制律中添加控制信号来补偿故障对系统的影响。本章设计的控制器可以在不增加任何保守性的情况下使正常系统跟踪性能最优而且故障系统的状态可以渐近跟踪正常系统的状态。由于系统大部分时间处于正常情况，这种使系统正常情况性能最优的方法在实际应用中很重要。基于线性化的F-16飞机模型的仿真实例验证了所提出控制策略的可行性及其在飞机机动飞行状态下跟踪效果方面的优越性。本章给出的控制器设计方法是向实际工程问题的尝试性应用，也为工程实际研究人员提供了可以借鉴的设计想。
在第6章的基础上，第7章针对执行器部分失效情况研究了一类非线性时滞系统自适应容错控制问题。与第6章不同的是，这里考虑外部扰动存在的情况。在线性矩阵不等式的框架中，正常系统在扰动不存在情况下其二次性能达到最优。在不使用故障检测与诊断装置的情况下，通过依赖于时滞的自适应律构造可调控制器来自动补偿扰动和故障对系统的影响。仿真例子进一步验证了所提出方法的有效性。本章设计的自适应容错控制器不仅能保证扰动存在下的正常和故障系统渐近稳定而且可以使其状态跟踪无扰动的正常系统状态。
第8章针对系统传感器故障，研究了线性时不变系统的自适应容错
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动态输出反馈控制器与滤波器设计问题。首先，构造依赖于传感器故障参数在线估计的自适应容错
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动态输出反馈控制器来补偿故障对系统的影响。在线性矩阵不等式的框架中，引入自适应方法来提高系统在正常和故障情况下的自适应
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性能。其次，研究了在导航等领域具有较强工程背景且与控制相对偶的滤波问题，并在传感器发生故障的情况下给出了新的变增益容错滤波器设计方法。通过把自适应方法和线性矩阵不等式技术相结合，基于对故障参数的在线估计构造变增益的自适应容错
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滤波器并使系统在正常和故障情况下的自适应
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性能指标被优化。这里设计的自适应动态输出反馈控制器/滤波器设计条件相对于固定增益动态输出反馈/滤波器设计条件保守性小。包括F-404型发动机线性化模型在内的一些数值例子验证了本章方法的有效性。

最后对全文所做的工作进行了总结，并指明了下一步研究的方向。
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控制，保成本控制，无记忆反馈，记忆反馈。
Approaches to Optimization Design of Adaptive Fault-tolerant Control Systems Based on LMI Technique

Ye Dan
ABSTRACT
	More and more advanced technological systems rely on sophisticated control systems to increase their reliability and safety. In the event of faults on actuators, sensors or other system components, the conventional feedback control designs may result in unsatisfactory performances or even instability. This has ignited enormous research activities in search for new design methodologies, for accommodating the component failures and maintaining the acceptable system stability and performances, so that abrupt degradation and total system failures can be averted. These types of control methodologies are often known as fault-tolerant control methodologies. 

Recently, fault-tolerant control problems have witnessed considerable attention. The passive fault-tolerant controller design method based on linear matrix inequality (LMI) technique is easily implemented, whose task to be tackled is the design of a controller with fixed gains to guarantee stability and satisfactory performance, not only when all control components are operational, but also in the case when sensors, actuator malfunction. However, as the number of possible failures and the degree of system redundancy increase, the traditional controller with fixed gains becomes more conservative and attainable control performance indexes may not necessarily be satisfactory. On the other hand, adaptive approach is an effective method to design active fault-tolerant controller, too. They rely on the potential of the adjustments of parameters or structure to assure reliability of closed-loop systems in the presence of a wide range of unknown faults. But the performances of systems, such as 
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 etc., can not be optimized yet within the frameworks of adaptive approach. This thesis, based on previous works of others, combining linear matrix inequality (LMI) technique in passive fault-tolerant control and adaptive approach in active fault-tolerant control, presents a systematically new fault-tolerant methodology to reduce the corresponding conservativeness in traditional fault-tolerant control. Parts of the developed theories are applied to the fault-tolerant controllers or filters designs of F-16 aircraft model, F-18 aircraft model, river pollution model and F-404 engine model by simulations.

Chapters 1-2 first summarize and analyze the development and main research methods in fault-tolerant control. Preliminaries about the considered problem are also given. Chapter 3 investigates fault-tolerant controllers design problems of linear time invariant systems, based on linear matrix inequality (LMI) and adaptive approach. Here, a general actuator fault model is considered, which covers the outage cases and the possibility of partial faults. Based on the on-line estimation of actuator faults, adjustable control laws are designed to automatically compensate the effects of faults on systems. In the framework of LMI method, the adaptive 
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 performances of resultant closed-loop systems in both normal case and actuator faults cases are optimized, and asymptotic stability is guaranteed. It has been shown that the design conditions for the adaptive 
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 controllers are more relaxed than those for the 
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 controllers with fixed gains. The simulation examples have shown the effectiveness of the proposed method. 

Based on the results in Chapter 3, Chapters 4-5 focus on fault-tolerant controllers design problems for linear time-delay systems. Chapter 4 studies the problem of designing new adaptive fault-tolerant memory-less controller via both state feedback and dynamic output feedback. The designed controller gains are affinely dependent on the online estimations of fault parameters, which are adjusted according to the proposed adaptive laws. Being different from Chapter 3, the time-delay information is included in the designed adaptive laws. Due to the introduction of adaptive mechanism, more relaxed controller design conditions than those for the traditional controller with fixed gains are derived. Since a memory controller with feedback provisions on current states and the past states may improve the performances of systems, Chapter 5 studies the problem of designing memory feedback controllers for linear time-delay systems. Both memory terms and memory-less terms are time-varying and affinely dependent on the online estimations of actuator faults.
 Chapter 6 investigates the adaptive fault-tolerant tracking control problem with the application to flight control for linear time-invariant systems against actuator faults. The considered actuator faults are types of loss of effectiveness. An adaptive fault-tolerant flight controller design method is developed based on the on-line estimation of an eventual fault and the addition of a new control law to the normal control law to reduce the fault effect on system without the need for an fault detection isolation (FDI) mechanism. The proposed controller can make the normal tracking performance of the closed-loop system optimized using LMI method without any conservativeness and make the states of fault modes asymptotically track that of the normal mode. This is important because the system operates under normal condition most of time. Simulation results of a linearized F-16 aircraft model verifies the validity of the control strategy and its advantage in tracking performance when the aircraft is maneuvering. This part constitutes an attempt of applying the proposed controller design to practical engineering problems, which provides a design example for practical engineers’ reference as well.

Chapter 7 extends the idea of designing adaptive fault-tolerant controllers developed in Chapter 6 to a class of nonlinear time-delay systems. Here, the actuator faults are types of loss of effectiveness. Different from Chapter 6, here the case that external disturbance exists is considered. A new delay-dependent adaptive law is proposed to design the adaptive reconfigurable controller, which is excited to offset the effect of faults and disturbance automatically without the need for an FDI mechanism. The performance index in normal system without disturbance is optimized in the framework of LMIs. The closed-loop systems are not only stabilized, but also the state vectors of normal and fault cases with disturbance can track that of the normal case without disturbance, which has the designed performance. A numerical example shows the effectiveness of the proposed controller design.
 Chapter 8 is concerned with the adaptive fault-tolerant control or filtering problem against sensor failures for linear time-invariant systems. First, an adjustable dynamic output feedback controller is constructed based on the online estimations of sensor faults, which is obtained by adaptive laws to offset the sensor failures effects on systems. Besides LMI approach, adaptive method is also used to improve 
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 performances of systems in both normal case and sensor failure cases. Second, the filtering problem which is dual to control and has strong application backgrounds in the areas like navigation has been investigated. Combining linear matrix inequality techniques and adaptive approach, a new fault-tolerant 
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 filter with variable gains are established automatically based on the online estimations of sensor failures to compensate the sensor failure effects on systems. The adaptive 
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 performances in both normal and sensor failure cases are minimized with different weighting constants in optimization indexes in the LMI framework.  It is shown that the design conditions for the newly proposed adaptive fault-tolerant 
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dynamic output feedback controller/filter are more relaxed than those for fault-tolerant 
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 dynamic output feedback controller/filter with fixed gains. Some numerical examples including a linearized model of an F-404 engine are given to show the superiority of the proposed approach.

Finally, the results of the dissertation are summarized and further research topics are pointed out.
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control, guaranteed cost control, memory-less feedback, memory feedback.
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