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Abstract : The objective of the present work is the investigating of the capabilities of piezoelectric actuators as active vibration control devices for wing structures. The first step of the study is that of providing the basic order two, structural type, equation the system by an ANSYS FEM structural modelling, as it was proceeded in recent works of the authors. The enhancing of the wing dynamic behavior is then based on the classical LQG, having in view its opportunities in the manipulation of modal weightings. Numerical simulations are presented, showing the efficacy of the piezo actuators in the developing of smart structures.
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1. INTRODUCTION
Certification regulations (see e.g. [1]), even for small sailplanes (see [2]), require that any certified aircraft is free of wing dangerous vibrations. In general, to meet the regulatory requirements, one can use either passive or active techniques. The first ones increase the structure weight and in certain situations are not feasible. On the other hand, active techniques enhance dynamic behavior of the wing, without redesign and adding mass; nowadays, these are used both for flutter suppression and structural load alleviation. Thus, herein our target concerns the obtaining of an active control law, based on the LQG classical synthesis, for a piezo smart composite wing. In fact, the approach continues recent researches of the authors, see  [3], [4 ].
The organization of the paper is as follows. Section 2 presents the mathematical model derived from an ANSYS FEM (Finite Element Method) structural modeling. Section 3 presents the proposed LQG scheme of control. Section 4 ends the work with numerical simulations and some conclusions. 
2. THE MATHEMATICAL MODEL
The computational program ANSYS, performing FEM analysis of a wing physical model (Figure 1) defined only in terms of geometrical and structural data, was applied to obtain the structural, order two, mathematical model
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where
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 is the vector of nodal displacements, and M and K are mass and stiffness matrices. In few words, a wing with a Wortman FX 63137 airfoil and basic dimensions semi-span - 1200 mm and chord - 350 mm, was considered. The wing skin is built on  composite material E-glass texture/orto-ophthalic resin with 3 layers and 0.14 mm thickness each of them. The wing spars, placed at 25 %, respectively, 65 % of chord, are performed of dural D16AT (1 layer, with 5 mm thickness). The interior of the wing is filled with  a polyurthane foam. The ANSYS geometric model equipped with MFC actuators is given in figure 1. The skin and the spars were modeled as shell 99 - 2D - elements. In fact, the wing skin with MFC P1 actuators  (see www.smart-materials.com) is built from 4 layers (3 layers for composite material and 1 layer for MFC materials). For the foam we use solid 186 - 3 D – elements.
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Figure 1: ANSYS model for wing equipped with MFC actuators (1) and sensors (2). A simple perturbation, as representing  the aerodynamic forces, is considered, see (3)
Following a modal analysis using the full ANSYS model, the first four natural modes (see figure 2) and frequencies (Hz) –  8.33; 20.09; 93.65; 126.25 – were found. 
Then, by an ANSYS substructuring analysis, the mathematical model was completed in the form 
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where
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are the matrices of the influences of the perturbation 
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and the control 
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. The operation assumed the static interaction  cause-effect
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 is the displacement vector corresponding to a unitary electric field 
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 applied to the k MFC actuator, herein k = 1, 2 ; the two columns of the matrix 
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are so obtained. In principle, to calculate piezo action, we used the analogy between thermal and piezoelectric equations developed in [5], so introducing a thermal model for piezo material. Analogously one proceeds for obtaining of the matrix 
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, by applying the unitary force 
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 in the point 3 noted in fig. 1. The subsequent operations concern a) the recuperation in MATLAB of the matrices in system (2), codified in ANSYS as  Harwell Boeing format and b) the modal transforming 
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of the system (2) by using a reduced modal matrix (of order four) of eigenvectors V of dimension 34281×4 (34281 is the number of generalized coordinates in ANSYS, in connection with the number of the chosen FEM nodes) 
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Thus, modal quasidecentralized system, of four modes, is obtained
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as a basis for standard LQG optimal problem, defined in terms of the first order state form system
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where 
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 is the state, 
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 is the controlled output, 
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 is the measured output, and 
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 is the control input. The state vector is given by 
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Figure 2: Natural first four modes of the wing: a) yaw ; b) first bending; c) torsion; d) second bending.
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The external and internal components of the perturbations 
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and 
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 are, to remembering, the substitute of the aerodynamic disturbances and sensor noise vector, respectively. The controlled output 
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, in the following, will concern the whole system state (the modes and the modal derivatives); the control vector variable 
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 will be also penalized, taking into account the definition of the cost, see next Section. As the measured output 
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will be taken the z- axis components of the generalized coordinates associated to nodes noted in Figure 1. Consequently, the system`s matrices will be succintly transcribed
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3.LQG CONTROL SYNTHESIS

The LQG control synthesis concerns the system (7). The goal is to find a control 
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 such that the system is stabilized and the control minimizes the cost function 
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where the matrices 
[image: image33.wmf]Q

 and 
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 are defined to be  
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with 
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Q

and 
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Q

weighting matrices. Thus, the framework of the LQG synthesis is a stochastic one and the minimization of the index (10) means implicitly a minimization of the effect of disturbances on the controlled output 
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 and, in fact, an active alleviation of the vibrations. The solution is well-known and consists in the building of a controller and a state-estimator (Kalman filter) [6]. The state estimator is of the form
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The controller makes use of this estimator and is defined by
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The LQG control is built by first solving the decoupled algebraic Riccati equations

	
[image: image42.wmf]1

2211

2211

0

0

TTT

J

TTT

APPAPBRBPCQC

ASSASCQCSBQB

-

hx

+-+=

+-+=


	(14)


where the noise matrices 
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and 
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are so defined
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with 
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the Dirac distribution. The controller gain, 
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, the filter gain, 
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, and the filter matrix are defined by
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Using the state-estimator (12) and the control law (13), the system (7) becomes 
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4. Numerical APPLication AND CONCLUSIONS

The aforedescribed control law was brought to the proof in numerical simulations of the system (17), in two variants: in open loop, which means zero control and in closed loop, with control. Thus, in the manner of MATLAB subroutine lsim, the system (17) is so written
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We are thus interested in knowing the time histories of the four modes and control vector 
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. By a trail and error process, the following values of the LQG weighting matrices were chosen: 
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To determine the LQG synthesis relevance, open-loop simulations were performed versus closed loop simulations, see Figures 3 and 4. The state perturbation 
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was considered, as thinking a system resonance for the most dangerous, bending type, mode two. Similar sensor noises were considered: 
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. One can see that the LQG controlled system works better than passive, open loop one, in the both cases, with and without sensors perturbations. Worthy noting, as we can see from the eigenvalues of the open and closed loop systems (Table 1), the mode two in the figures is, however, a stable one, but weakly damped. Figure 5 shows that the associated control is in usual limits.

Thus, the numerical simulations validate the LQG procedure as a methodology of vibrations attenuations for a piezo smart wing. 
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Figure 3: Open loop versus closed loop time histories of the modes, without sensors noises
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     (b)
Figure 4: Open loop versus closed loop time histories of the modes, with sensors noises
Table 1:  The open loop and closed  loop eigenvalues

	Open loop eigenvalues
	    -0.01 ±    793.23i; -0.01 ±    126.26i; -0.01 ±  588.43i; -0.01 ±     52.335i

	Closed loop eigenvalues
	  -8045.9 ;  -0.5595 ±     793.21i; -27.86 ±     792.04i; -96.069 ±     580.62i; -9.0451 ±     588.52i, -1.0525 ±     126.3i; -3.734; -0.14712 ±  52.335i; -0.011116 ±     52.334i
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Figure 5: Control vector time histories, sensors noise case
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