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fault detection observer design for multi model systems VIa nonsmooth optimization approach



Jingwen Yang1, Frederic Hamelin1, Pierre Apkarian2, Dominique Sauter1 Ahstract- This paper deals with a fault detection observer design problem for multi models with only a unique observer, using the worst-case fault sensitivity measure, the H index, and the worst-case disturbance robustness measure, the HDC norm. The fault detection problem with the criteria of H / H can be formulated as a constrained optimization problem, which can be solved by using nonsmooth optimization method. By adding the constraint of the eigenvalues, the proposed method could improve the fast transients of the residual from the faults with the criteria of H / H The proposed method is shown to perform well on two examples: the nonsmooth optimization method will compare with other classical methods with a single model and design a unique observer for a vehicle lateral dynamics switched system with the trade-off between the optimal values of criteria H / H for different models. _
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I. INTRODUCTION Associated with the increasing demands for the system reliability and dependability, the research of fault detection and isolation (FDI) has received much attention in the last decades, and a great deal of works has been applied on the model-based method to solve FDI problems. D ifferent from the robust control theory, the FDI system should not only be robust to model uncertainty and the disturbances, but also consider the sensitivity of the FDI system to the faults. The perfect decoupling method could be applied to avoid the uncertainty and disturbances [1]. However, in the industrial systems, the possible faults and disturbances are difficult to decouple [2], therefore, the FDI system has to deal with the problems without perfect disturbance decoupling. And it was well recognized that a satisfactory performance of a FDI system should consider the trade-off between the sensitivity to the faults and the robustness to the model uncertainty and the disturbances. For the robustness of the FDI systems, i.e., insensitiveness to disturbances, noise or uncertainty, a great amount of research has been done by using H 00 norm optimization techniques to design the robust fault detection observers [3], [4], [5], [6]. To consider the sensitivity to the faults, different definitions have been proposed, especially, the maximum and minimum influences of the faults are investigated in [3], [7], which means the best-case and the worst-case for the sensitivity evaluation separately. Typically, for the worst case of the influence of faults on residual, the smallest 1 Jingwen Yang, 1 Frederic Hamelin, 1 Dominique Sauter are with the Centre de Recherche en Automatique de Nancy, CRAN-CNRS UMR 7039, Lorraine University, BP 70239, 54506 Vandoeuvre Cedex, France. j ingwen. [email protected],
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singular value is considered as a suitable sensitivity measure. Hou and Patton [7] proposed a H norm by using the minimum singular value of the transfer function from faults to residual at zero frequency, i.e. w = 0, in which case, the designed observer only considers the worst-case for the faults at zero frequency. Then the literature [3], [6], [8], [1], [9] extended the H notation to nonzero singular value over finite frequency ranges. In particular, using the co-inner outer factorization techniques, [8] got an optimal solution for a multi-objective function, which guarantees the best detectability of faults with the given false alarm rate. To include the possible zero singular values of the transfer function from the faults to the residual, [10], [11] proposed a new minimum sensitivity measure, called H index, and the corresponding frequency range could be infinite or finite. Using the linear matrix inequality (LMI), [12] calculated the H norm and designed the fault detection observer with the criterion of H / H 00 , whose condition is sufficient but not necessary. With the defined index, [10], [11] de veloped an LMI formulation for the multi-objective of the fault detection observer and used the iterative linear matrix inequality (ILMI) to obtain the solutions. Considering the same mixed H / H 00 criterion, some numerical optimization methods such as genetic algorithm [9] proposed to design the robust fault detection observer. In [13], the main idea is to use the pole assignment approach to transform the fault detection problem into an unconstrained optimization problem, and then design a desirable observer gain with the aid of a gradient-based optimization approach for both the infinite and finite cases. But this method makes strong hypotheses for the Hoo and H_ with the simple singular value and a unique active frequency, whose algorithm leads to nonsmoothness, so the proposed method is not converging or converging slowly. Another point to notice here is that the target poles of observer should be selected at first, which will limit the freedoms to design the observer for the dynamics of the residual. In the reliable or fault-tolerant control, the fault detection system has to guarantee satisfactory performance in nom inal conditions as well as in the case that some system components turn faulty or deviate from nominal conditions. Or a system may have several different normal modes of operation. In [14], a single observer is designed to isolate different faults with the equivalence to design a structurally constrained controller in the standard control problem frame work. But it only considers the robustness with respect to the exogenous disturbances and uncertain parameters. [15], [16] considers the LPV model to design the fault detection _
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observer with LMI with a varying observer. The idea in this paper is to consider a unique observer gain and residual weighting matrix to detect faults, which will stabilize the observer for different models with the optimal trade-off between the sensitivity to the faults and the robustness to the disturbances. To the best of the authors' knowledge, little work has been done to design a single observer gain and residual weighting matrix with the H_ / H 00 criteria and simultaneous stabilize the observer for different mod els. The problem of simultaneously stabilizing the observer for multi models could be formalized as a BMI ( Bilinear matrix inequality) problem, however, there are few effective methods to solve the BMI problem. Recently, the developed nonsmooth optimization method is a typical effective method to solve the simultaneous stabilization problem.
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II. PROBLEM FORMUL ATION In this paper, we focus on the square systems with as many sensors as possible faults. A single fault detection observer is designed for multi models with the performance index of mixed H_ / Hoo using nonsmooth optimization approach. The cost function in this work includes both disturbance attenuation and fault detection requirements, and the ratio between these objectives is optimized. Comparing with the LMI method, this design method avoids using Lyapunov variables, whose number grows quadratically with the system state size [17]. Thus, the nonsmooth optimization method is suitable for the large size plant. In the optimization, both of the observer gain and the residual weighting matrix are con sidered. What's more, the constraint of the fast transients of the responses from faults to the residual could be added to the nonsmooth optimization besides the above ratio criterion to improve the transients of the residual from faults. Recently, solvers relying on nonsmooth optimization techniques like Hinfstruct and Systune [17], [18], [19] are well developed. In this contribution we show the applicability of Systune to design a fault detection observer.



A.



Residual generation



Assuming that we have N :;0. 1 models describing the dif ferent normal modes of operation. The linear time invariant (LTI) system for multi models with faults and disturbances is described by �a



{



X(t) y(t)



= =



Aix(t) + Biu(t) + BiJ(t) + B'dd(t) , Cix(t) + Diu(t) + DiJ(t) + D'dd(t),



(1)



where i : 1, ..., N means the ith model , x(t) E Rn is the system state vector, y(t) E Rm represents the output measurement vector, J(t) E Rnf denotes the fault vector, which can be the process faults, sensor faults, or actuator faults. d(t) E Rnd is the unknown input vector, including disturbance, modeling error, process and measurement noise or uninterested fault. u(t) E Rnu is the control input vector. The matrices Ai, Bi, Ci, Di, Bi, Di, Bd, Dd are constant with appropriate dimensions. The single model could be described as the above model �a with i = 1. Without loss of generality, the following assumptions are used: • (Ai, Ci) is detectable, i : 1, ..., N. • J(t) and d(t) are L2 norm bounded. For the generation of the residual, we propose a full-order observer for the multi models in the following form [9], shows as in Fig. 1:



The paper is organized as follows. First, Section 2 for mulates the problem of fault detection observer design for single model and multi models. Then, in Section 3, the nonsmooth optimization method is presented with two dif ferent examples in simulation with the tool of Systune in Matlab. The first example shows the effectiveness of the nonsmooth optimization method to design the fault detection observer for the single model with the performance index of H_/Hoo, and the results will be compared with the results of other methods from the literature. With the constraint of the eigenvalues of the system, the proposed method improves the rapidity of the responses from the faults to the residual with the optimal value of H_ / Hoo. Considering white Gaussian noise and nonzero mean, deterministic noise, the second practical example will focus on the multi model case to design a single fault detection observer for a vehicle lateral dynamics switched system with 3 subsystems, and the observer is the compromise of the criteria H_ / H 00 between the different subsystems. Finally, the conclusion is given in Section 4.
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{



£(t) y(t) r(t)



= = =



A2x(t) + Biu(t) + L(y(t) - y(t)), C2X(t) + D2u(t), Q [y(t) - Y(t)].



(2)



where i : 1, ..., N. x(t) E Rn and y(t) E Rm are the system's state and output estimations, r(t) E Rnr is the corresponding residual vector, L E Rnxnr is the observer gain to design, and Q E Rn,xm is the residual weighting matrix, which could be static or dynamic as a Q(s). Connecting the observer Ll (2) with the system La (1) together as shown in Fig. 1, and considering the state estimation error ei(t) = x(t) - x(t), we can get the residual error dynamic equations: 165



L;2



{



e(t) =(Ai - LCi)e(t) + (Bj - LDj) f (t)



+ (Bd - LDd)d(t), r(t) = QCie(t) + Q Djf (t) + Q Ddd(t).



(3)



The corresponding residual responses from faults and disturbances are:



r(s) = Q{Dj + Ci(sI - Ai + LC) l(Bj - LDj)} f (s) + Q{Dd + Ci(sI - Ai + LC)-l(Bd - LDd)}d(s) =G�f(s, L, Q) f (s) + G�d(s, L, Q)d(s)



with Q.(G(jw)) denoting the m1mmum non-zero singular value of matrix G(jw) . And is the evaluated frequency range where Q.(G (jw)) i=- 0 , which can be either infinite or finite. One way to evaluate the rapidity of the responses in the frequency domain is to make all the eigenvalues of Ai LCi far from the imaginary axis as much as possible in the negative real part of the complex plane:



min L



real(eig(A - LC))



(4)



Obviously, the dynamics of the residuals rely on the transfer function from faults and disturbances to the residual, so the multi-objective design of fault detection observer (design the observer gain L and the residual weighting matrix Q) contains the following objectives: i) The 1, ... , N residual error dynamics equations (3) with the observer gain L should be stable, ii) Maximize the effects of faults on the residual, Minimize the effects of disturbances on the resid iii) ual. In order to detect the fault fast, the rapidity of the responses from the fault to the residual is an interesting specification to consider, so it is interesting to introduce the constraint of the fast transients of the responses from the faults to the residual to design a fast fault detection observer. B.



where



II H II= = sup o-(G(jw)) wEP
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