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中  文  摘  要

	本文围绕利用GPS/INS自适应组合导航算法这一中心问题展开研究，涉及到自适应滤波算法研究、神经网络算法研究、动力学模型误差补偿算法研究、故障检测算法研究等诸多内容，所有这些构成了一套完整的GPS/INS组合导航系统自适应滤波理论、模型和算法，得到了一些有益的结论。论文的主要内容和创新点概括如下：
1．对全球卫星导航系统（GPS、GLONASS、GALILEO、北斗）和区域卫星导航系统（MSAS/QZSS、GAGAN/IRNSS）的发展现状进行了概括总结。论述了本文的研究背景及意义，分析了GPS/INS组合导航系统数据处理算法的研究历史及现状，介绍了论文的主要研究内容。
2．从线性最优估计算法和非线性次优估计算法两方面出发，对目前导航系统数据处理算法进行了归纳与分类。并指出：导航解算时，必须首先分析非线性模型方程的非线性强度，非线性强度弱可以采用该方法直接进行导航解算。反之，则应该采用其它能够尽可能避免线性化误差的算法，如迭代滤波算法、高阶截断滤波算法、UKF滤波算法等等。
3．重点对组合导航系统的自适应滤波算法进行了研究。主要内容包含如下几个方面：
首先，在观测信息无冗余的情况下，介绍了几种新的基于预报残差构造的自适应滤波算法。分析总结了观测信息冗余情况下基于预报状态构造的几种自适应因子表达式，并详细推导了基于状态不符值和基于方差分量比构造自适应因子的方法。其次，为了弥补基于预报状态构造的自适应滤波算法对观测信息冗余情况的要求，重点研究了基于预报残差构造的统计量和几种自适应因子，并给出了几种预报残差协方差矩阵的表达式。该统计量及相应的自适应因子虽然对观测信息个数没有要求，但可以较好地调整动力学模型信息和观测信息之间的权比，抑制动力学模型误差和扰动异常对导航解的影响。
其次，在GPS观测信息有无冗余情况下，基于预报残差构造的自适应因子，给出了相应的自适应滤波导航算法。实测数据计算结果表明，观测信息冗余时，基于预报状态构造的自适应滤波解优于基于预报残差构造的自适应滤波解；观测信息无冗余时，基于预报状态构造的自适应滤波算法不可用，此时基于预报残差构造的自适应滤波算法能够有效地抑制动力学模型异常扰动误差对导航解的影响，其导航解优于标准Kalman滤波。
第三，在GPS/INS松组合导航系统观测信息无冗余情况下，将基于预报残差构造的自适应因子引入到GPS/INS松组合导航系统，给出了一种GPS/INS自适应组合导航算法。实测数据计算结果表明，该算法导航解精度明显优于标准Kalman滤波导航解，能够有效地抑制动力学模型误差对导航解的影响。
最后，在观测信息有冗余和无冗余混合的情况下，基于预报状态构造的自适应滤波算法和基于预报残差构造的自适应滤波算法，对联邦滤波算法进行了改进，提出了一种自适应联邦滤波算法，并用模拟数据验证了算法的可行性。
4．重点研究了Hopfield神经网络和BP神经网络的改进算法及其在导航系统中的应用。
首先，给出了基于Hopfield神经网络进行状态估计的有效算法。对Hopfield神经网络学习速率的人为给定问题，进行了自适应计算。并且为了抑制异常观测信息对导航解的影响，将抗差等价权原理引入到Hopfield神经网络算法，提出了基于等价权原理的Hopfield神经网络状态估计算法。计算结果表明：当观测信息存在异常观测（粗差）或观测噪声不满足高斯白噪声分布时，最小二乘算法不能得到状态参数的最优解。而Hopfield神经网络算法对观测噪声的分布没有特别要求，观测噪声为非高斯分布或法方程系数矩阵弱相关时，其导航解相对最小二乘算法均有明显改善。
其次，详细研究了BP神经网络的改进算法。为了提高网络训练速度，分别给出了提高BP神经网络收敛速度的两种算法－学习速率和动量因子的自适应计算方法以及层间连接权的误差补偿算法，并利用机载实测数据证明了方法的可行性。在提高神经网络泛化能力方面，首先给出了利用EKF和UKF对神经网络隐含层和输出层连接权值的部分训练方法。针对UKF参数选取随意性的问题，采用移动开窗估计法对状态噪声和观测噪声协方差矩阵进行自适应估计，提出了一种新的提高神经网络泛化能力的自适应UKF算法。并利用实测数据进行了验证，结果表明利用EKF、UKF和自适应UKF算法训练神经网络都能提高其泛化能力，其中自适应UKF优于其它几种算法。
5．重点研究了GPS/INS组合导航系统动力学模型误差的补偿算法。主要内容包含如下几个方面：
首先，对各种控制动力学模型误差影响的函数模型补偿滤波算法和随机模型补偿滤波算法进行理论和实用方面的比较与分析。并通过GPS实测数据的计算，得出一些结论：（1）在GPS导航解算中确实存在动力学模型误差。（2）在不考虑观测方程模型误差影响的情况下，Sage滤波和自适应滤波算法的结合应用对动力学模型误差的补偿效果最好，原因在于该算法能够同时抑制较小的动力学模型误差和较大的异常扰动误差对导航解的影响。（3）在动力学模型误差补偿方面，随机模型补偿滤波算法的出发点是对模型误差进行调整，而函数模型补偿滤波算法是对模型误差进行补偿修正，且这种补偿修正算法建立在模型误差统计特性精确已知的基础上，这在实际应用中是比较困难的。所以，从算法实现的难易程度上考虑，随机模型补偿滤波算法较优于函数模型补偿滤波算法。
其次，针对GPS/INS松组合导航系统观测信息无冗余的情况，提出了一种基于Kalman滤波直接进行模型误差估计的算法。计算结果表明：GPS/INS松组合导航解算时，动力学模型误差不但确实存在，而且利用基于Kalman滤波的方法对动力学模型误差进行直接估计也是可行的。且动力学模型误差修正后的组合导航滤波解明显优于修正前的组合导航解。
第三，基于迭代滤波思想，提出了对GPS/INS松组合导航系统动力学模型误差进行补偿的算法。该算法采用迭代策略不断利用观测信息去修正动力学模型信息，不但能够很好地抑制动力学模型异常扰动误差对导航解的影响，而且能够充分挖掘观测信息中含有的状态参数最优估值信息。实测数据计算结果表明：该算法能够进一步提高导航解的精度，且经过少量迭代（1～6次）后，其导航解精度就明显优于标准Kalman滤波。
第四，研究了利用非线性滤波算法减小动力学模型误差影响的方法。将自适应估计原理引入到UKF算法，提出了UKF的改进算法。计算表明：将自适应因子引入到UKF算法，不但可以避免动力学模型线性化误差对导航解的影响，而且可以通过自适应因子进一步抑制初始值偏差和动力学模型异常扰动误差对导航解的影响。且自适应UKF算法即继承了UKF的优点，又能够通过自适应因子进一步提高GPS/INS导航解的精度。
最后，详细研究了基于自适应滤波和神经网络进行动力学模型误差补偿的算法。提出了将神经网络算法和自适应滤波算法相结合，对动力学模型误差进行先修正再调整的两级控制方法，并给出了两个动力学模型误差补偿方案。结果表明：神经网络算法可以很好地控制动力学模型较小的模型误差对导航解的影响，具有很强的模型误差消噪功能；采用自适应滤波算法对神经网络修正后的动力学模型信息进行第二次调整，不但充分顾及到动力学模型的各种模型误差对导航解的影响，而且对神经网络输出值也是一种约束。这种约束又可以很好地抑制神经网络输出值可能存在的异常信息对导航解的影响。
6．重点研究了利用神经网络对基于预报残差构造的自适应滤波进行改进的算法。
首先，针对基于预报残差构造的自适应因子受异常观测信息影响的问题，将神经网络算法引入到自适应滤波算法中，基于神经网络输出值和不符值原理构造了不受异常观测信息影响的自适应因子，提出了基于神经网络构造的GPS/INS自适应组合导航算法。计算结果表明：该算法不但对观测信息冗余没有特别的要求，而且能够避免观测信息异常对自适应因子的影响，进而避免基于预报残差构造的自适应滤波算法可能存在的越调整越差的危险性。
其次，详细研究了基于神经网络对自适应滤波进行改进的算法。提出了四种GPS/INS抗差自适应组合导航算法，并对四种算法进行了比较和分析。利用神经网络作为辅助导航信息，充分顾及到动力学模型和观测信息可能存在的四种情况，对自适应滤波算法进行了改进。实测数据计算表明，在观测信息存在异常粗差时，四种算法不但能够确保自适应因子的质量，而且能够较好地抑制动力学模型异常扰动误差和异常观测信息对导航解的影响。且GPS信息短暂失锁时，训练后的神经网络能够较好地对INS信息进行消噪处理，进一步提高了导航解的精度。将神经网络和自适应滤波算法结合应用，能够较好地提高自适应滤波算法存在的问题，神经网络算法可以作为基于预报残差构造的自适应滤波算法进行性能提升的一种辅助手段。
7．重点研究了GPS/INS松组合导航系统的故障检测算法。
首先，对基于模型的故障检测算法进行了归纳总结。详细分析了模型误差对滤波解和基于模型的故障检测算法的影响。分析推导了动力学模型误差和观测信息模型误差对滤波解、预报残差和基于模型的故障检测算法的影响表达式。并结合模拟数据和实测数据进行论证指出：基于模型的故障检测算法受模型误差影响比较严重，为了提高故障检测算法的有效性，必须对模型误差进行修正。
其次，针对GPS/INS松组合导航系统观测信息无冗余的情况，提出了一种神经网络辅助的组合导航故障检测算法。该算法首先利用神经网络对动力学模型预报信息进行修正，然后再基于修正后的动力学模型信息构造基于模型的故障检测算法，克服了基于模型的故障检测算法受模型误差影响的局限性。计算结果表明：该算法能够克服基于模型的故障检测算法受模型误差影响的局限性，能够很好地从模型误差中分离出观测信息含有的故障信息，降低了故障检测算法存在的虚警率；能够基于故障检测后可靠的观测信息进一步调整动力学模型信息对导航解的贡献。
8．简要总结了本文的主要工作及结论，并提出了未来工作的一些设想。
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Research on GPS/INS Adaptive Integtrated
Navigation Algorithms
Gao Weiguang
ABSTRACT
	This dissertation mainly focuses on the theories and algorithms of GPS/INS adaptively integrated navigation system. The main works and contributions are summarized as follows:

1. The new development phases and the future programs of the global navigation satellite system, such as GPS, GLONASS, GALILEO and Compass, and Japan and Indian regional navigation satellite system, such as MSAS/QZSS, GAGAN/IRNSS, are introduced respectively in detail. Then, the background and significance of this dissertation research is discussed, and the development history and actualities of GPS/INS integrated navigation algorithms are enumerated and analyzed.

2. All the methods of navigation and positioning are summarized and classified from the linear optimal estimation algorithms and the non-linear suboptimal estimation algorithms. It is shown that when the extent Kalman filtering is applied in processing navigation data, the non-linear intensity of non-linear model equations should be analyzed at first. If the intensity is small, the extent Kalman filtering can be directly applied to process navigation data, contrarily the reasonable estimation algorithms based on the non-linear intensity, such as the iterated filtering, the higher-order filtering and the UKF algorithm etc, can be selected reasonably. 

3. The emphases are the research of the adaptive filtering algorithms of integrated navigation system, and the main contributions are introduced as the following. 

When the number of measurements is enough to evaluate the geometric state and the variance components reliably, two kinds of learning statistics and corresponding adaptive factors based on the state discrepancy and variance component ratio are introduced at first. If the number of the measurements is not enough in some epochs, then the geometric states or the measurement variance components cannot be determined. In turn, the adaptive factors based on the state discrepancy or the variance ratio cannot be calculated either. Therefore, when the number of the measurements is not enough, a new learning statistic based on predicted residuals is set up. The new learning statistic does not need necessary measurements to estimate state parameters for all observation epochs.

Finally, considering that the number of measurements is enough and not enough, a GPS adaptive navigation algorithm, a GPS/INS adaptively integrated navigation algorithm and an adaptively federated filtering algorithm, based on the given adaptive filtering, are put forward respectively. Some practice examples are given. It is shown, by derivations and calculations, that all the new factors and the corresponding adaptive Kalman filtering results can not only balance the contributions of the dynamical model information and the reliable measurements on the state vector estimates, but also control the influences of measurement outliers and the disturbances of the dynamical model.

4. The improved methods and applications of the Hopfield neural network and BP neural network for integrated navigation system are studied in detail. 

Firstly, the state estimates algorithms based on Hopfield neural network are studied. Aiming at the randomicity and uncertainness of Hopfield learning factors, an adaptive calculation methods of the learning factors, based on the discrepancy of energy function between the present and the form epoch, is given. Furthermore, to avoid the outliers of the measurements affecting the results, a new robust Hopfield neural network, by using the neural network and considering the weigh matrix of observations, is presented. The new algorithm, with a high degree of fault tolerance, uses the robust estimator to control the influences of the outliers of observational vectors, and can effectively improve the navigation reliability. It is shown, by calculations and analysis, that LS results are suboptimal with the existing of measurement outliers and colored noise in the measurements, and that the improved Hopfield algorithm based on robust estimation can effectively control the influences of measurement outliers and colored noise on navigation results.

Secondly, some improved BP neural network algorithms are also given. In order to overcome the disadvantages and shortcomings of BP neural network, such as slow learning speed, easily arriving at local minimum, two improved network algorithms are put forward. Furthermore, two methods of improving the generalization of neural network, using EKF and UKF algorithm, are described.

Finally, in order to avoid the random selection of some parameters for UKF, a new adaptive UKF algorithm for training neural network, by using windowing residual vectors to adaptively estimate the covariance matrices of the observational vectors and the model errors, is established. It is shown, by comparison and analysis, that the EKF, UKF and adaptive UKF algorithms for training neural network can all improve the generalization of neural network, and the adaptive UKF algorithm is better than others. 

5. Aiming at the influences of the dynamical model errors, some new compensating methods are set up. The main contributions are summarized as follows:

Firstly, All compensating filtering algorithms, which can control the influences of the dynamical model errors on navigation results, are synthetically compared and analyzed in detail. Analyzing the calculated results, the followings can be gain as

(1) The dynamical model errors are existed indeed. 

(2) Without considering model errors of observational equations, the compensating algorithms based on stochastic model are superior to that based on function model and the results derived by combining Sage filtering and adaptive filtering are better than those derived by other algorithms.

(3) Stochastic model methods mainly adjust the dynamical model errors and function model methods mainly compensate the dynamical model errors. Moreover, the function model methods must be based on the precise function model, and it is usually difficult in practice.

Secondly, Aiming at the characteristic of having no redundant observations in loosely- coupled GPS/INS integrated navigation system, a new algorithm with direct computing model errors is put forward. It is shown, by derivations and calculations, that the dynamical model errors of GPS/INS integrated navigation system exist indeed and the new algorithm in calculating the model errors is feasible and reasonable. Furthermore, the compensated results are superior to the results without being compensated.

Thirdly, In order to control the influences of the dynamical model errors on the filtering results, an iterated Kalman filtering (IKF) for GPS/INS integrated navigation system, based on the iterated methods, is established. The new algorithm constantly uses observations to compensate the predicted information of dynamical model and can control the errors of ignoring high orders of kinematic models linearization, the uncertainness of systemic noises and the influences of the vehicle disturbances in movements to affect the navigation results. It is shown, by comparison and analysis, that the IKF gives more actual and reliable parameter estimates of the maneuvering vehicles, the results derived by the IKF are better than those derived by standard Kalman filtering. Moreover, after iterating some times (such as 1 to 6 times), the results are better than standard Kalman filtering.

Fourthly, The methods, by using non-linear filtering algorithm to reduce the influence of the dynamical model errors, are studied. In order to overcome the shortcomings of the Unscented Kalman filtering (UKF), such as obvious influences from the values of initial parameters, the uncertainness of systemic noises and the influences of the vehicle disturbances in movements,  the adaptive estimator is applied into the UKF algorithm, and an improved adaptive UKF algorithm is set up. It is shown, by comparison and analysis, that the new algorithm can not only avoid the influences of ignoring high orders errors of kinematic models linearization, but control the influences of the vehicle disturbances in movements on the navigation results. Moreover, the UKF algorithm is better than EKF, the adaptive EKF is superior to UKF, and the improved UKF is the superior to all of the algorithms in the application of GPS/INS integrated navigation system.

Finally, To compensate the dynamical model errors, some algorithms, based on adaptive filtering and BP neural network algorithm, are studied. Firstly, a double adjustment method is set up. The new method uses neural network to compensate the dynamical model errors at first and uses adaptive factors to adjust the compensated information in the next place. More importantly, two kinds of new algorithms to compensate the model errors are established respectively. One is based on the observational information at present, and the other is based on the adaptively robust Kalman filtering results. It is shown, by comparison and analysis, that the neural network algorithm can effectively control the influences of little model errors on the navigation results and has strong capabilities in eliminating the model noise errors, and that the new algorithms, by using adaptive filtering to adjust the dynamical model information compensated by the neural network, not only can control the influences of the disturbances of the dynamical model, but restrict the outputs of neural network reasonably, in turn, the possible disturbance of the neural network outputs can also be controlled ulteriorly.

6. The improved algorithms of the adaptive Kalman filtering based on the predicted residuals, by using BP neural network, are established.

Firstly, the shortcomings of the adaptive Kalman filtering based on the predicted residuals are synthetically analyzed. Then, four kinds of existing cases in practice are pointed out, and should be taken into account in applying the adaptive Kalman filtering.

To avoid the outliers of the measurements affecting the adaptive factor based on predicted residuals, the neural network method is introduced into the adaptive filtering and an adaptive factor based on neural network and the discrepancy is set up. The new adaptive factor does not need necessary measurements to estimate state parameters for all observation epochs and is not affected by the outliers of the measurements. Further more, a practical example is given. The results prove that the algorithms are valid and reliable when applied in GPS/INS integrated navigation system and the new algorithm can reasonably avoid the shortcomings of the adaptive filtering based on the predicted residuals.

After analyzing the problems of adaptive filtering based on predicted residuals, combining adaptive filtering and neural network algorithms, two adaptive algorithms and one prediction scheme for GPS/INS integrated navigation by using neural network during GPS outages, are given. More importantly, considering the measurement outliers and the disturbances of the dynamical model, four adaptively robust Kalman filtering algorithms are developed. It is shown, by comparison and analysis, that the new algorithms can not only improve the filter estimation accuracy, but also control the influences of measurement outliers and the disturbances of the dynamical model; The prediction scheme during GPS outages can improve the accuracy of navigation results; The combining algorithms of adaptive filtering and neural network can overcome the disadvantages of the adaptive filtering, and the neural network algorithms can be used as an aided methods to improve the performance of adaptive filtering.

7. The improved fault detection algorithms for loosely-coupled GPS/INS integrated navigation system are studied.

Firstly, the common fault detection methods are summarized and classified, and the existing shortcomings are also be analyzed in detail.

Then, the influences of model errors on the filtering results and the fault detection algorithms based on function model are compared and analyzed, and the expressions of the influences of model errors on the filtering results, the predicted residuals and the fault detection algorithms are given respectively in detail. Moreover, two examples are given to compare and analyze the influences of model errors.

More importantly, aiming at the characteristic of lacking observation and the possible faults of loosely-coupled GPS/INS integrated navigation, a neural network aided integrated navigation fault detection algorithm is put forward. The new algorithm is helpful to localize the measurement outliers in the case that the kinematic model has significant errors, and can automatically detect and isolate the faults in the case that there are not redundant observations, and can balance the contributions of the dynamical model information and the reliable measurements on the state vector estimates, and especially can reasonably predict the navigation results when GPS outages. It is shown, by comparison and analysis, that the new algorithms can not only separate the faults from the dynamical model error, reduce the false alarm rate and avoid the influences of faults on the navigation results, but also improve the accuracy of navigation results during GPS outages.
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