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中  文  摘  要

	交会对接是进行空间组装、空间救援、深空探测等的必要技术，是我国载人航天第二步任务的关键技术。交会路径规划是交会对接技术中关键问题之一。论文以我国载人航天工程交会对接系统研制为背景，以发展新的理论和方法、解决工程实际问题为目的，对该问题进行了系统深入的研究，主要研究了摄动和路径约束最优交会路径规划问题、多目标最优交会路径规划问题,以及考虑偏差的鲁棒最优交会路径规划和实时交会路径规划问题。全文主要研究成果如下：
1、提出了多种新的考虑摄动因素和路径约束条件的最优交会路径规划策略，丰富和发展了最优交会路径规划策略理论。
现有的最优交会的研究成果无论是基于线性方程还是非线性方程，大都没有考虑实际摄动因素，应用于实际飞行任务中会有偏差，特别是对于长时间、远距离交会问题如调相问题和寻的交会问题，会带来较大的偏差；此外现有的最优交会研究较少考虑了实际交会轨道机动设计中的机动位置测控、测量视场限制等路径约束条件。针对这些问题，论文以寻的交会和调相交会问题为背景，提出了多种新的考虑摄动和路径约束的最优交会路径规划策略。
以寻的交会问题为背景的路径规划策略包括：1）提出了一类求解非线性摄动和路径约束最优交会问题的两步串行混合优化策略，首先采用遗传算法和考虑J2摄动长期项的解析轨道模型确定一个初始点，然后采用序列二次规划算法基于摄动方程获得精确解。给出了两个解析问题和考虑测控约束的寻的交会问题的测试结果，表明该规划策略具有较高的全局收敛能力、效率和鲁棒性。（研究成果发表在国际著名优化类期刊Engineering Optimization（2006, 38,959-973)上，审稿人对该研究给予了高度评价“The work described in this paper is very high quality…I therefore commend the authors on doing some really good work。”）2）提出了结合非最优主矢量理论、Lambert交会算法和进化算法用于确定最优脉冲数目的交互式规划策略。三个问题的应用表明该交互式规划策略能够获得满足主矢量最优必要性条件的脉冲解，对二体方程和摄动方程下脉冲数目最优性做出了说明。 
以调相交会问题为背景的路径规划策略包括：1）建立了调相交会特殊点变轨的离散和连续变量混合优化模型，提出了基于遗传算法和牛顿迭代算法的混合求解策略，发展了基于不可行解剔除、中间数据库以及实时更新牛顿迭代法初始点的改进措施。采用了一个两天调相交会问题对优化策略及改进措施进行了测试，表明所提出的规划策略具有较好的收敛可靠性和效率，并且一次运行可以获得多个解，采用穷举法对该规划策略的全局收敛能力进行了数值验证。2）提出了基于多圈Lambert交会算法的调相综合变轨规划策略，该策略首先采用并行模拟退火单纯形算法，基于多圈Lambert交会算法获得一个二体解，以二体解为初始点，采用序列二次规划算法基于考虑J2摄动长期项解析轨道模型获得一个改进解，再以改进解为初始点，序列二次规划算法基于精确轨道计算模型获得最终解。所提出的规划策略对于一个经典的问题获得了优于现有文献的解，所获得解的最优性得到了验证。基于一个两天调相交会问题验证了算法的全局收敛能力和综合变轨的优点，研究表明综合变轨相对于特殊点变轨可以在一定程度上节省燃料消耗，约为4%-35%，并分析得到了调相变轨燃料消耗随初始轨道面偏差变化的趋势。（这部分研究成果发表在国际航天领域权威期刊AIAA Journal(2006, 44, 3143-3146 )和Journal of Guidance, Control, and Dynamics(2007, 30, 185-191; 2007, 30, 946-952)上 ，审稿人认为这些方法是对经典问题的“novel solution”。 所提出的方法解决了我国神舟8号飞船交会对接轨道方案设计技术难题，该部分成果是2006年度军队科技进步奖二等奖的主要贡献点之一（作者排名8）。）
2、将最优交会路径规划的研究范畴由单目标优化向多目标优化进行了拓展，系统地提出了多目标最优交会路径规划的理论、模型和算法。
在现有的最优交会路径规划研究中，多数是时间固定的燃料消耗最优交会研究。设计一个交会轨道，燃料消耗固然是一个重要的设计指标，同时交会时间也是需要考虑的一个设计指标。此外对于近距离交会轨道设计，轨道安全性也是一个需要考虑的重要指标。论文有别于传统的单目标交会路径规划研究，综合考虑了燃料消耗、交会时间和交会轨道安全性三个设计指标，比较深入地研究了多目标最优交会路径规划理论与方法。
1）定义了追踪航天器自由飞行相对目标航天器的最短距离为交会轨道被动安全评价指标，给出了一种简化解析分析方法。2）基于线性C-W方程，建立了综合考虑燃料消耗、交会时间和交会轨道被动安全指标的线性交会多目标设计优化模型，采用多目标遗传算法获得Pareto最优解集。以寻的交会问题作为算例测试了优化模型和算法的有效性，优化结果有效地揭示了线性模型下交会轨道整体性能指标之间的关系。3）基于Lambert交会算法，考虑了测量视场角约束和安全距离约束，建立非线性二体交会多目标优化设计模型，采用多目标遗传算法获得Pareto最优解集，并对解的Pareto最优性进行了验证，优化结果有效地揭示了二体轨道模型下考虑路径约束的交会轨道整体性能指标之间的关系。4）采用物理规划算法将非线性摄动多目标最优交会问题转化单目标优化问题，提出了采用Lambert交会算法和模拟退火算法的摄动解求解策略，获得了满足设计者偏好的Pareto最优解，由于在设计中考虑了轨道摄动因素，所获得的解可直接适用于任务设计。（本部分的研究结果陆续发表在Journal of Guidance, Control and  Dynamics（2007，30, 383-389；2007，30, 994-1002；2008，31, 1829-1832）三篇论文中，期刊的主编和副主编认为 “a novel method for simultaneous optimization of delta-v, time-of-flight, and safety performance”, “this is interesting and useful work”；该部分研究的后续工作获得了2009年国家自然科学基金资助（作者为负责人，项目批准号10902121））
3、将最优交会路径规划的研究范畴由标称设计优化向考虑偏差的鲁棒设计优化进行了拓展，建立了鲁棒最优交会路径规划模型、评价指标以及设计理论。
现有的最优交会路径规划集中于标称最优交会路径规划研究，偏差分析是在事后完成的，没有有效地纳入闭环设计中。论文在最优交会研究中考虑了实际交会轨道中的偏差因素的影响，较深入地研究了考虑偏差的鲁棒最优交会路径规划的模型、指标评价方法和设计理论：
1）阐述了考虑偏差最优交会路径规划需要重点解决的问题，定义了考虑偏差的鲁棒最优交会路径规划的鲁棒评价指标。2）提出了一类新的非线性交会偏差分析的协方差分析方法，推导了偏差传递矩阵和协方差传递矩阵，基于寻的交会问题和多圈非共面交会问题，通过与Monte Carlo仿真方法对比验证了该协方差分析方法的有效性。3）分别基于线性交会方程和非线性二体交会方程，建立了综合考虑燃料消耗和鲁棒指标的两目标规划模型，采用多目标遗传算法获得了Pareto最优解集，并对解的Pareto最优性给出了数值验证。4）将鲁棒指标引入到综合考虑燃料消耗和交会时间的多目标交会路径规划中，建立了考虑偏差因素的多目标最优交会路径规划模型，采用多目标遗传算法获得了Pareto最优解集，获得了考虑偏差因素下的交会轨道整体性能指标之间的关系。（这部分成果发表在国际航天领域著名综合类期刊Aerospace Science and Technology（2007，11, 563-569）和Acta Astronautica (2009, in press)；该部分研究的后续工作获得了2009年第四十五批博士后科学基金一等资助（作者为负责人，项目批准号20090450210））
4、研究给出了实时非线性交会路径规划算法、并研制了交会路径规划软件。
论文针对偏差分析和实际飞行控制的需要，在标称交会路径规划策略的基础上发展了非线性交会实时规划算法，并研制了交会路径规划软件： 

1） 提出了调相交会轨道控制实时规划算法，包括特殊点变轨实时规划算法和基于近

圆偏差方程的综合变轨实时规划算法，综合考虑各项偏差因素，构造了地面控制仿真模拟框架，获得了几点可供工程设计参考的仿真结论。（部分成果已经申请了国防专利，申请号：200910121326.9） 2）研制了集成论文理论研究成果、面向工程应用的交会路径规划软件，该软件能完成交会对接各个飞行阶段的标称路径规划和实时交会路径规划。（该软件是神舟8号交会对接综合试验室的主要软件模块之一，是2009年度军队科技进步二等奖主要贡献点之一（作者排名6）。）
论文研究拓展了现有最优交会路径规划的研究范畴，发展了多目标最优交会路径规划和考虑偏差的鲁棒最优交会路径规划的理论、模型和算法，具有较显著的理论意义，同时为交会轨道的综合性能指标设计提供了新的手段，研究成果发表于Journal of Guidance，Control and Dynamics等本领域权威国际期刊13篇论文中。论文所提出的复杂交会路径规划方法、实时路径规划算法以及所研制的交会路径规划软件解决了实际工程应用中的技术难题，相关成果已经应于我国载人航天二期工程交会对接工程中，在神舟8号飞船方案设计和初样设计中取得了良好的应用效果，进一步将在实际飞行试验中得到应用。
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Study on Space Optimal Rendezvous Trajectory Planning Approach
Luo Ya-zhong
ABSTRACT
	Rendezvous and docking technology is essential in space-assembly, space-succor, outer space-exploration etc., and is a key technology for the second step of China manned spaceflight project. Rendezvous trajectory planning is a critical problem in rendezvous and docking technology. With the background of China manned spaceflight project rendezvous and docking system development and the purpose of further developing the new theory and methods, and solving the critical engineering application problems, this dissertation studies the optimal rendezvous trajectory with perturbations and path constraints planning problem, the multi-objective rendezvous trajectory planning problem, the robust optimal rendezvous trajectory planning problem and the real-time trajectory planning problem with considering uncertainties. The main results achieved in this dissertation are summarized as follows.

1、Several new optimal planning approaches for rendezvous trajectory with trajectory perturbations and path constraints are proposed, and this enriches and expands optimal rendezvous trajectory planning theory. 
The current optimal rendezvous trajectory planning methods based on linearized rendezvous equations and nonlinear rendezvous equations generally don’t consider the trajectory perturbations, which will cause errors for the practical missions, especially large errors for long-time, far-range rendezvous problems such as phasing and homing rendezvous problem. In addition, the path constraints for an operational rendezvous trajectory such as a communication window constraint on the maneuver position and field of view constraints, which are always required to be satisfied, are ignored in these cases. In order to overcome these problems, this dissertation propose several new optimal planning approaches for rendezvous trajectory with trajectory perturbations and path constraints with the phasing and homing rendezvous as application background.
The optimization approaches taking homing rendezvous as background include: 1) A hybrid approach is proposed for optimizing general perturbed fuel-optimal multiple-impulse time-fixed rendezvous with path constraints. A floating-coded genetic algorithm is employed in this hybrid approach to locate an initial reference solution for sequential quadratic programming (SQP) using a simplified analytical propagator. Subsequently, SQP is used to locate the accurate solution using numerical integration of the high-fidelity trajectory dynamic equations. The hybrid approach is evaluated in two classical test cases and a three-impulse homing rendezvous with communication window constraints, and its global convergence ability, efficiency and robustness is testified. 2) An interactive optimization approach using the evolutionary algorithm, the Lambert rendezvous algorithm and the Primer vector theory is proposed to optimize a rendezvous trajectory with the optimal number of impulses. The results of three test cases show that the interactive approach can guarantee the solutions satisfying the Lawden’s necessary optimality conditions. The optimality of the number of impulses with two-body equations and perturbed equations is explained.
The optimization approaches taking phasing rendezvous as background include: 1) The design of a rendezvous phasing strategy with special-point maneuvers is formulated as a mixed integer and continuous nonlinear programming problem. A hybrid approach combining an integer-coded genetic algorithm with Newton's method is proposed for solving this problem. Three improvements including the infeasible solution return, the memory database and renewing the initial guess are imposed on the hybrid approach to make it more efficient and robust. A two-day rendezvous phasing problem is used as an example. Results show that our hybrid approach is with good convergence reliability and efficiency, and can find multiple solutions in a single run. The optimality of the obtained solutions is testified by using an exhaustive searching method. 2) A new hybrid optimization approach is proposed for the design of a rendezvous-phasing strategy with combined maneuvers. In this approach, a feasible iteration optimization model is first formulated using a multiple-revolution Lambert algorithm, and a parallel simulated annealing algorithm is employed to locate the unperturbed solution. Subsequently, an infeasible iteration optimization model accounting for trajectory perturbations is formulated, and a sequential quadratic programming algorithm is used to obtain the perturbed solution, with the unperturbed solution as an initial reference solution. The global convergence ability of the proposed approach is verified by solving a classical same-circle rendezvous problem. Two different solutions satisfying Lawden’s necessary optimality conditions are located and one solution outperforms an optimal solution previously reported. The proposed approach is further evaluated in a practical two-day rendezvous-phasing mission with different initial conditions. It is shown that this approach is with global convergence ability and the combined maneuvers can save propellant at a range of 4%–35% by compared with the special-point maneuvers. The relations between the initial orbit errors and the propellant are obtained. 
2、The research domain of optimal rendezvous is expanded from single-objective to multi-objective, and the optimal multiple-objective rendezvous trajectory planning theory, models and approaches are proposed.
Most of current optimal rendezvous works focused specifically on fuel optimal time-fixed impulsive rendezvous problem. However, the total velocity characteristic is not the single desired criterion and minimizing time of flight serves as an equally attractive mission objective. In addition, trajectory safety is another important objective for designing a practical rendezvous mission, especially for an approach mission. Distinguished from the current single-objective optimal rendezvous studies, this dissertation studies multi-objective optimal rendezvous which incorporating three-objective functions including the minimum fuel cost, the minimum time of flight, and the maximum trajectory safety performance index. 
1) The minimum relative distance between the chaser and the target in the chaser’s free-flying path is defined as rendezvous trajectory passive safety and a semi-theoretical model for calculating this safety performance index is provided. 2) Based on the Clohessy-Wiltshire equations, the three-objective optimization models including the minimum characteristic velocity, the minimum time of flight and the maximum safety performance index are formulated, the non-dominated sorting genetic algorithm(NSGA-II) is employed to obtain the Pareto solution set. The proposed approach is evaluated using the _V-bar homing and _V-bar homing rendezvous missions. It is shown that tradeoffs between time of flight, fuel cost, and passive trajectory safety for rendezvous trajectory with using linearized equations is quickly demonstrated by the approach. 3) The feasible iteration optimization model of three-objective impulsive rendezvous with path constraints including trajectory safety and field of view constraints is established using a Lambert algorithm. The non-dominated sorting genetic algorithm (NSGA-II) is employed to obtain the Pareto solution set. The optimality of the pareto solution is testified by comparing with fuel-optimal solutions. It is shown that tradeoffs between time of flight, propellant cost and passive trajectory safety with using two-body rendezvous equations and several inherent principles of the rendezvous trajectory are demonstrated by this approach. 4) The multi-objective optimization design problem of nonlinear perturbed rendezvous is converted into one-single optimization problem by using physical programming and a optimization approach for obtaining the designer preferred solution is proposed based on the Lambert rendezvous algorithm and the simulated annealing. As trajectory perturbations are considered, the obtained solution can be directly applied to mission design.  

3、The research domain of optimal rendezvous is expanded from normal design to robust design with considering uncertainties, and the robust optimal rendezvous trajectory planning models, evaluation performance index and design theories are proposed. 
The current optimal rendezvous trajectory planning studies focused on normal trajectory design without considering practical uncertainties and the uncertain analysis is executed after the accomplishment of normal trajectory. This dissertations investigates optimal normal trajectory design with considering uncertainty analysis and studies the robust optimal rendezvous trajectory planning models, evaluation performance index and design theories. 
1) The critical problems for robust optimal rendezvous design are described and one robustness performance index of rendezvous trajectory with uncertainty is defined. 2) One new covariance analysis method for nonlinear rendezvous uncertainty analysis is proposed, and the uncertainty transfer matrix and covariance transfer matrix are induced. The effectiveness of the proposed method is testified by comparing with the Monte Carlo simulation by the application to a homing rendezvous problem and a multi-revolution non-coplanar rendezvous problem. 3) Based on the Clohessy-Wiltshire linearized rendezvous equations and the two-body rendezvous equations, a two-objective optimization model including the minimum characteristic velocity and the minimum robustness performance index are formulated, the NSGA-II is employed to obtain the Pareto solution set. The Pareto optimality of the obtained solutions is testified by comparing with the fuel-optimal and robustness-optimal solutions. 4) The robustness performance index is introduced into the multi-objective rendezvous trajectory planning. The results can quickly demonstrate the tradeoffs between the whole performance indexes of a rendezvous trajectory with uncertainty. 

4、The real-time rendezvous trajectory planning approaches are studied and a rendezvous trajectory planning software is developed. 
In order to meet the requirements of error analysis and practical flight control, the nonlinear rendezvous trajectory real-time planning approaches are developed based on the normal rendezvous trajectory planning approaches and a rendezvous trajectory planning software is developed. 

1) The real-time planning approach for phasing rendezvous trajectory maneuvers, including the special-point maneuvers real-time planning approach and the combined maneuvers real-time planning approach using the near circular deviation equations, are developed. A simulation framework including the practical uncertainties is formulated and several simulation issues which are useful for engineering design are concluded. 2) A rendezvous trajectory planning software for engineering application which integrates the theoretical achievements of this dissertation is developed, which can complete both normal rendezvous trajectory planning and real-time rendezvous trajectory planning.  

This dissertation expands the research domain of the current rendezvous trajectory planning by developing the optimal multi-objective and robust optimal rendezvous trajectory planning theory, methods and approaches, which have some remarkable theoretical significance and also provide new design tools for comprehensive performance index optimization design of a rendezvous trajectory. These academic achievements have been published in 13 papers of aerospace-domain top-influence international journals including the Journal of Guidance, Control and Dynamics. The proposed complex rendezvous trajectory planning approach, the real-time rendezvous planning approach and the developed rendezvous trajectory planning software solve the critical engineering problems. And these approaches and software have been applied to design China manned spaceflight project rendezvous and docking mission and have achieved good application value in SZ-8 capsule scheme design and preliminary product development, and will be further applied to practical flight experiment. 
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