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中  文  摘  要

	作为新型数控加工装备，并联机床自问世以来，受到广泛关注，并经历了一个快速发展时期。但是作业空间小、奇异位形多等缺点限制了其发展。驱动冗余是克服这些缺陷的一种有效方案，逐渐被引入到并联机床中，并成为该领域的前沿研究方向。目前，对冗余并联机床的研究主要集中在结构设计、运动学分析及动力学建模等方面，较少研究驱动冗余并联机床的控制策略以及如何提高动力学模型精度并应用于控制系统，不仅限制了冗余并联机床性能的进一步提高，而且这也是导致目前问世的驱动冗余并联机床样机较少的一个主要原因。实验样机的缺乏又影响了其理论研究深度及工业应用水平，因此迫切需要开展驱动冗余并联机床控制技术攻关。

论文密切结合开发冗余并联机床的需要，在国家自然科学基金的资助下，以一台四自由度驱动冗余混联机床为研究对象，系统地研究了机床的性能分析、动力学建模与操作性能评价、动力学参数辨识及控制策略，并通过实验验证了所提出的控制策略的工程有效性和可行性。论文的主要研究工作和创新性成果如下：

1. 建立了冗余并联机床线性化动力学模型，并据此构造出了评价动力学操作度的局部和全局指标。基于运动学分析，提出了冗余并联机构奇异性分析方法，研究了驱动冗余并机床的工作空间、灵巧度和刚度性能，并比较了机床在冗余和非冗余方式时的工作空间、灵巧度、奇异性和刚度。结果表明采用驱动冗余方式，这些性能均可得到不同程度的改善。动力学模型是冗余并联机床动力学参数辨识及控制的基础，由于高度的非线性和耦合性，建立线性化动力学模型仍旧是一项复杂的工作。论文在推导出刚体运动构件上作用力等效规则的基础上，通过合理选择机床运动构件的关键点，以避免关键点的偏速度矩阵和运动构件偏角速度矩阵中出现基本动力学参数，利用虚功原理建立了线性化动力学模型。由于存在驱动冗余，动力学模型解不唯一，分别基于驱动力范数和能量消耗最小的原则对驱动力进行了优化。最后，基于动力学方程中的惯性矩阵构造出评价动力学操作度的局部和全局指标，并利用该性能评价指标比较驱动冗余和非冗余方式时机床的动力学操作度，结果表明驱动冗余机床具有较好的动力学操作性能。

2. 提出了驱动冗余并联机床动力学参数辨识方法，并将辨识结果应用于控制系统，提高了机床的轨迹跟踪精度。由于冗余并联机床模型中动力学参数较多、耦合性较强，其动力学参数辨识较复杂。基于本文推导出的线性化动力学模型，提出了适用于驱动冗余并联机床动力学参数辨识的两步辨识法。该方法通过点到点运动将摩擦力和惯性力分开，从而分两步辨识与惯性力有关的动力学参数以及摩擦力系数，降低了实验难度。论文不仅通过辨识实验辨识出了并联机构的基本动力学参数，而且还通过规划不同于辨识实验中的轨迹进行实验，验证了辨识结果的准确性，从而证明了两步辨识法的正确性和有效性。此外，分别将辨识前后的动力学模型加入到控制系统中进行相同的实验，结果表明采用辨识后的模型减小了轨迹跟踪误差，进一步证明了两步辨识法的有效性以及动力学参数辨识对提高机床精度的重要性。

3. 基于位置控制提出了驱动冗余并联机床的控制方法，并据此给出了保证机床在整个工作空间中具有较高运动精度的控制策略。由于驱动冗余引入了内力，纯位置控制已经不适合驱动冗余并联机床，其控制策略研究正处于摸索阶段。论文在非冗余机床位置控制的基础上，以提高系统的响应性能为目标，重新设计了位置环控制器。然后采用力控制方式控制冗余支链，并以逆动力学模型的驱动力范数最小解作为力控制支链的输入。在此基础上，进一步提出了动力学差分预测控制策略。在具体实施过程中，为了保证机床在整个工作空间内都具有较高的运动精度，顺利地越过动平台和伸缩支链共线的奇异位形，提出了位置/力交换控制策略。在整个工作空间中，伸缩支链控制子系统的控制模式将会发生改变，这就涉及到控制模式发生改变时动平台的临界条件以及支链从力控制模式到位置控制模式转变时，其位置控制的基准问题。针对这些问题，论文详细研究了控制模式交换的临界条件及支链位置补偿方法。最后，通过仿真及实验研究验证了这些控制策略的工程有效性和可行性，解决了驱动冗余并联机床发展过程中的关键性技术障碍。

4. 提出了驱动冗余并联机床在支链自身奇异位形处的回零策略。回零是保证并联机床精度的一个重要环节，具有冗余运动学支链的并联机床在回零过程中可能经过支链自身奇异位形，非冗余并联机床的回零方式不再适用。针对这一问题，论文提出了冗余支链辅助回零策略：回零开始时非冗余伸缩支链处于力控制模式且命令值为零、冗余支链处于位置控制模式，冗余支链首先带动非冗余伸缩支链运动到其它支链能够自主回零的位形；然后冗余支链处于力控制模式且命令值为零，其它支链自主回零。根据冗余支链电机上绝对式编码器反馈的信息，研究了执行冗余支链辅助回零的条件，并将冗余支链辅助回零策略集成到驱动冗余混联机床的控制系统中。最后，通过实验验证了该策略的正确性和可行性。

5. 对机床在冗余和非冗余方式时的性能进行了全面的实验研究和评价。实验是评价机床性能最直接最有效的方法，论文分别进行了轮廓误差实验、位置精度实验和切削实验研究。首先，基于RT-Linux操作系统，开发了冗余混联机床的数控系统，并将动力学模型和论文所提的有关控制策略集成到数控系统中，然后在冗余方式时开展了相关的实验研究。为了比较机床在驱动冗余和非冗余时的性能，在实验过程中拆掉冗余支链并重新进行运动学标定，然后重复机床在驱动冗余方式时所做的实验。研究结果表明机床在驱动冗余和非冗余方式时具有相似的轮廓误差和位置精度，然而采用冗余方式时，机床具有较大的工作空间、较少的奇异位形、较好的灵巧度和较高的刚度。切削汽轮机叶片的实验效果良好，得到了哈尔滨汽轮机厂的认可。由于该机床是由一台旧机床改造地，哈尔滨汽轮机厂要求在更新伺服电机、电主轴等部件的条件下，购买该机床用于叶片加工。考虑到后续的维护问题，目前正计划重新建造一台类似的样机用于切削哈尔滨汽轮机厂的叶片。论文研究成果为驱动冗余并联机床的控制和开发提供了理论和技术基础，提升了冗余并联机床的理论研究及工业应用水平。

论文在机床的性能分析、动力学建模与操作性能评价、动力学参数辨识及控制策略等方面均取得了创新性的研究成果，围绕这几方面的创新点，以第一作者或通讯作者（第二作者）共发表论文23篇（在Journal of Mechanical Design上发表3篇，在Mechanism and Machine Theory上发表3篇，由于时间限制未列在代表性成果中，请见该期刊2009年的第2、4期），被SCI收录17篇，EI收录23篇次。研究成果得到了国际同行的关注，2009年作者作为在站博士后就被聘为Elsevier出版公司的Mechatronics期刊编委。Mechatronics主编Maarten Steinbuch认为：作者对于编委位置过于年轻，但是考虑到作者在冗余并联机床动力学及控制方面的成就，仍向Elsevier公司提议为Mechatronics编委。以论文的内容为主，作为第二完成人完成了国家自然科学基金一项（课题负责人为第一完成人）。以该论文的延伸内容为主，作为第二申请人（导师为第一申请人）所申请的项目获得了国家自然科学基金资助。
论文研究中开发的四自由度冗余混联机床在2007年首届黑龙江重大技术装备博览会上获得金奖，论文研究成果作为清华大学精仪系 “新型并混联机构与装备应用研究”项目的重要组成部分获得了2008年度中国机械工业科学技术（发明类）一等奖。
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Analysis, identification and control of a 4-DOF hybrid machine tool with actuation redundancy 
Wu Jun
ABSTRACT
	As a numerical control machining equipment, the parallel kinematic machine (PKM) has attracted much attention and experienced a fast development. However, the disadvantages such as smaller workspace and more singularities limit its application. In order to overcome these disadvantages, actuation redundancy is an effective approach which has been introduced to the field of PKM and become more and more attractive. At present, the study on redundantly actuated PKM is concentrated on structural design, kinematics and dynamic modeling. Research on the control strategy and dynamic parameter identification of redundantly actuated PKM is few. This is also the main reason that causes the scarcity of experimental prototype of redundant PKM. Further, the scarcity of experimental prototype limits the depth of theoretical study and wide application. Thus, it is necessary to study the control strategy of redundantly actuated PKM.
This dissertation deals with the dynamic parameter identification and control of redundantly actuated PKM using a 4-DOF hybrid machine tool with actuation redundancy as an example, including kinematics and performance analysis, inverse dynamic model and dynamic manipulability, dynamic parameter identification and control strategy. The main work and innovative contributions of this dissertation are as follows:

1. The linear dynamic model of the redundant PKM is derived, and the local and global conditioning indices for evaluating the dynamic manipulability are proposed. Based on the kinematic analysis, the method for determining the singularity of redundantly actuated parallel manipulators is presented, and the workspace, dexterity, and stiffness of the redundant PKM are investigated. Moreover, these performance indices are compared with those of the corresponding non-redundant one. The results show that the redundantly actuated PKM has a better performance. The dynamic model is the base for dynamic parameter identification and model-based control of redundantly actuated PKM. Since the dynamic model is non-linear and coupled, it is still difficult to derive the linear dynamic model. In this dissertation, the linear dynamic model is derived by using the virtual work principle. In modeling, it is crucial to select a proper pivotal point on each moving part to avoid the appearance of the base dynamic parameters in the partial velocity matrix and partial angular velocity matrix. Since the dynamic model of the redundant PKM is statically undetermined, the driving force is optimized by minimizing the norm of driving force and the consumed energy, respectively. Furthermore, both local and global conditioning indices are proposed to evaluate the dynamic manipulability. Utilizing the index, the dynamic manipulability of the redundantly actuated PKM and its corresponding non-redundant one are evaluated and compared. The results show that the redundantly actuated PKM has a better dynamic performance than its corresponding non-redundant one.
2. The identification approach for redundantly actuated PKM is proposed. The identified result is applied to the control system and the tracking error is reduced. Since the dynamic model of redundant PKM has more dynamic parameters, the dynamic parameter identification is more complex. On the basis of the linear dynamic model, a two-step identification approach is proposed to estimate the dynamic parameters of the redundantly actuated PKM. The approach consists of two steps and utilizes simple point-to-point motion that lead to a separation of friction and rigid-body dynamics. Thus, the experiment becomes easy to be performed. The base dynamic parameters are identified through the experimental identification of the prototype, and the accuracy of the identified dynamic parameters is validated by another experiment which is different from the identification experiment. This shows that the two-step identification approach is right and effective for the dynamic parameter identification of redundantly actuated PKMs. Further, the identified dynamic model and the unidentified dynamic model are added to the control system, respectively. By using the identified dynamic model, the tracking error is reduced. This also validates that the two-step identification approach is effective and dynamic parameter identification is important for the improvement of machine accuracy.
3. Based on the position control, the control approach of redundant PKM is presented, and then the control strategy for ensuring the motion accuracy in the whole workspace is also proposed. Due to the internal forces caused by actuation redundancy, an actuation redundant mechanism cannot be controlled with only a position control scheme. In this dissertation, based on the position control of the corresponding non-redundant hybrid machine tool, the position-loop controller is re-designed to improve the response performance. The force control whose input is from the two-norm solution of the dynamic model is used to control the redundant chain and the dynamic difference predictive control is proposed. In order to ensure the motion accuracy in the whole workspace, a position/force switching control strategy is proposed. In the whole workspace, the control mode of each extendible chain subsystem would be changed. This involves the critical value of orientation angle where the control modes of the extendible chain subsystems are switched. Further, the position benchmark should be considered when the control mode varies from force mode to position mode. In this dissertation, the critical angle for switching control modes is planned and the position compensation method for the extendible chain whose control mode varies from force mode to position mode is investigated. The effectiveness and feasibility in engineering of these control strategies are verified by the experiment on the 4-DOF hybrid machine tool with actuation redundancy. The proposed control strategies have laid a solid base for the development of redundantly actuated PKMs.
4. A homing strategy for the machine to pass the singular configuration encountered in the homing process is proposed. Finding the home position of a PKM is an important issue in the development of computer numerical control systems of PKMs. In the homing process of the redundant PKM with additional kinematic chain, it maybe passes the singular configuration, and the homing strategy for the non-redundant PKM can not be used. In this dissertation, an assistant homing strategy is proposed. The redundant chain is controlled by the position mode and moves independently to a configuration that other chains can return independently to their zero positions. After the assistant homing is finished, the redundant chain is controlled by the force mode with the force command value being zero, and the other four non-redundant axes are driven to return to their home positions independently. Further, based on the feedback information of the absolute encoder in the redundant chain, the condition for performing assistant homing is investigated. The assistant homing strategy is incorporated into the numerical control system. The efficiency of this method has been proved through the homing experiment of the 4-DOF hybrid machine tool with actuation redundancy.
5. The machine performance is evaluated by all kinds of experiments. Experiment is the most direct and effective way to evaluate the machine performance, and the experimental study on the contour error, positioning accuracy and cutting are performed. First, the numerical control system of the redundantly actuated hybrid machine tool is developed based on the RT-Linux operating system. The dynamic model is added to the interpolation module and the control strategies proposed in this dissertation are incorporated into the control system. Then, the contouring test and positioning accuracy on the redundant PKM are done. In order to compare the performance of the machine tool with actuation redundancy and non-redundancy, these experiments are repeated on the non-redundant one with the redundant chain removed. The results show that redundant hybrid machine tool and the corresponding non-redundant machine tool have the similar contour error and positioning accuracy. However, some other advantages such as larger workspace, less singularity and higher stiffness are achieved in the redundant machine tool. Further, the cutting tests that machine the blades of gas turbines are performed and the cutting results are confirmed by Harbin Turbine Co. Ltd. Since the machine tool is created by an old one, Harbin Turbine Co. Ltd. would purchase the machine tool to machine blades of gas turbines under the condition that the servo-motor and motorized spindle is replaced by new. Considering the machine maintenance, a new prototype with similar structure is planned to be developed for the application. The outcome of this dissertation not only can provide guidance for the control and development of PKMs with actuation redundancy, but also can enhance the level of theoretical study and industrial application.

In this dissertation the innovation achievements are achieved on the kinematics and performance analysis, inverse dynamics and dynamic manipulability, dynamic parameter identification, and control strategy. The author have published 23 papers as the first author or corresponding author (3 papers in Mechanism and Machine Theory, 3 papers in Journal of Mechanical Design), among which 17 papers and 23 papers have been indexed by SCI and EI, respectively. The achievements have attracted the concern of the international colleagues. In 2009, the author, who is still a postdoctoral researcher, is employed as the associate editor (AE) of Mechatronics from Elsevier. The recommendation of the editor-in-chief is that “For an AE ship your are very young (just got your PhD), which means your experience is still a bit limited. Considering your achievement in the dynamics and control of redundant PKM, I will propose you as an AE to Elsevier.” On the basis of the contents of this dissertation, as the second member the author has completed the project supported by the National Natural Science Foundation of China (my supervisor is the first member). On the basis of the extended research of the contents of this dissertation, as the second member (my supervisor is the first member) the author has obtained another project from National Natural Science Foundation of China. 
The redundant hybrid machine tool developed in this dissertation is exhibited at the First Heilongjiang Major Technical Equipment Exhibition and received the gold medal. The outcome of this dissertation is a main composition of the item “Application study of new parallel-hybrid mechanism and equipment” of Department of Precision Instruments, Tsinghua University that has got first grade Prize of Science and Technology of Chinese Mechanical Industry.
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