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Received 1 April 2009, in final form 20 July 2009 Published 17 August 2009 Online at stacks.iop.org/SMS/18/095046 Abstract Modal filters may be obtained by a properly designed weighted sum of the output signals of an array of sensors distributed on the host structure. Although several research groups have been interested in techniques for designing and implementing modal filters based on a given array of sensors, the effect of the array topology on the effectiveness of the modal filter has received much less attention. In particular, it is known that some parameters, such as size, shape and location of a sensor, are very important in determining the observability of a vibration mode. Hence, this paper presents a methodology for the topological optimization of an array of sensors in order to maximize the effectiveness of a set of selected modal filters. This is done using a genetic algorithm optimization technique for the selection of 12 piezoceramic sensors from an array of 36 piezoceramic sensors regularly distributed on an aluminum plate, which maximize the filtering performance, over a given frequency range, of a set of modal filters, each one aiming to isolate one of the first vibration modes. The vectors of the weighting coefficients for each modal filter are evaluated using QR decomposition of the complex frequency response function matrix. Results show that the array topology is not very important for lower frequencies but it greatly affects the filter effectiveness for higher frequencies. Therefore, it is possible to improve the effectiveness and frequency range of a set of modal filters by optimizing the topology of an array of sensors. Indeed, using 12 properly located piezoceramic sensors bonded on an aluminum plate it is shown that the frequency range of a set of modal filters may be enlarged by 25–50%. (Some figures in this article are in colour only in the electronic version)



building them into lightweight and compact devices in several geometric configurations since they are relatively inexpensive and present the necessary electromechanical coupling [1]. In the last decades, a great research effort has been made to model the electromechanical coupling of structures with piezoelectric elements (actuators/sensors) [2]. In terms of applications, integrated piezoelectric sensors and actuators have most often been applied to the active control of mechanical vibration and noise in structures subjected to several types of excitation, or even self-excited structures, especially for aeronautical and aerospace applications [1]. On the other hand, the performance of integrated systems applied to active control of vibration and noise can be substantially improved by the use of high quality modal filters [3–5]. In this context, the development of active control strategies with optimal performance using modal sensors and



1. Introduction Smart structures are integrated systems composed of a host structure with sensors and actuators which are able to monitor and act to ensure both structural integrity and adaptability to changes in operational conditions. The discovery of materials having special functional properties has enabled the development of new generations of sensors and actuators. In modern scientific terms the actuator effect is defined according to the capability of a material to generate mechanical energy from electric, magnetic or thermal energy, while the sensor effect is defined as the inverse case [1]. Piezoelectric materials are among the most popular functional materials. The use of piezoelectric materials (especially piezoceramics) as sensing and actuating elements has been extensively studied due to the possibility of 0964-1726/09/095046+12$30.00
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filtered vibration modes, and thus the frequency range, for a given number of available sensors. Topological optimization techniques are common in advanced structural design, for instance the simultaneous design of actuated mechanical devices, and often present a multiobjective character [15–18]. Techniques for topological optimization include, but are not limited to, genetic algorithm search methods. Genetic algorithm (GA) methods are search algorithms based on the survival of the fittest theory applied for a structured set of parameters [19]. GAbased optimization methods have also been used for the design optimization of controlled structures [20–22]. Unlike conventional optimization techniques, GA-based ones do not require continuity or differentiability of the objective function with respect to design variables. Besides, they evaluate simultaneously a population of individuals (sets of parameters) and, hence, the probability of converging to a nonglobal optimum is reduced. Another advantage of GA-based optimization techniques is the possibility of considering both float and binary design parameters, allowing one, for instance, to account for different design configurations (topologies) in addition to material and geometrical parameters. This paper presents a methodology for the topological optimization of an array of sensors with the objective of improving the performance of modal filters derived from it. This is done combining a standard technique to evaluate the coefficients for weighting the sensor signals with a proposed strategy for the optimization of the array topology. The proposed methodology is applied to a free plate with an array of 36 bonded piezoceramic patch sensors. The assembly is excited, in a prescribed frequency range, by a point transverse force and the electric potential induced in each sensor is evaluated. Then, a set of modal filters, aimed at isolating the first five vibration modes of the plate, are evaluated using only a selected 12 of the 36 sensors of the array. An optimization strategy based on a GA is proposed to find a topology that minimizes the norm of the unfiltered residue over a wider frequency range.



actuators has been the object of intensive research. Modal sensors and actuators working in a closed loop enable the independent observation and control of specific vibration modes, reducing the apparent dynamical complexity of the system and the energy required to control them [6–8]. The high performance of modal controllers depends on several parameters. The size, form and effective electromechanical coupling coefficient of a piezoelectric material must be considered in the development of modal sensors and actuators. Although pioneer works have proposed continuous modal sensors and actuators [9], the evolution of modal filter techniques and their application to active vibration control indicates several advantages to the use of an array of discrete sensors instead [10]. Continuous modal sensors are designed to ensure shape coupling between sensing material and elastic strain due to the target vibration modes of the host structure [8, 9]. An array of sensors, on the other hand, is in general composed of small piezoceramic patches and depends on a convenient weighted sum of the sensor signals to achieve an output signal with the properties of a high-performance modal filter [6, 7]. Recent works have used modal filters with an array of discrete sensors to construct smart integrated systems with built-in damage detection capabilities [11, 12]. Several methodologies have been used to evaluate the weighting coefficients for the output signals measured by an array of sensors. They can be divided in three groups: target modes output matching, optimization techniques and frequency response function (FRF) matrix inversion. Whenever the target mode shapes are known/predicted and their reading in terms of output amplitude in each sensor of the array can be identified, a technique proposed by Meirovitch and Baruh [13] and based on the orthogonality of normal modes considers that the weighting coefficients should match the output of each sensor for the target mode. This technique may be strongly affected by spatial aliasing. The weighting coefficients may also be evaluated using an optimization algorithm to minimize the difference between the weighted response and a desired modal response. Shelley [10] proposed an on-line adaptation algorithm to estimate the desired modal response and update the weighting coefficients. The third group of methods is based on the inversion of the FRF matrix, which can be either predicted by a numerical model [3] or experimentally measured [10, 14], in order to shape the target filtered response. These techniques may lead to high-performance modal filters, but generally within a limited frequency range [7]. Preumont et al [7] have suggested that the frequency range of high-performance filtering depends on the relation between the number of vibration modes to be filtered, in that frequency range, and the number of sensors in the array. They concluded that the number of sensors in the array should be larger than the number of vibration modes to be filtered. Although this is true for an arbitrarily distributed array of sensors, it is possible to show that the location of the sensors, that is the array topology, has a significant effect on the observability of the vibration modes and, thus, on the filtering performance of modal filters derived from it. Therefore, it should be possible to optimize the array topology and, consequently, increase the number of



2. Design of modal filters The design of a modal filter from an array of sensors requires the output signals of each sensor to be weighted and summed such that: (i) the observability of the target vibration modes is maximized and (ii) the observability of the undesired vibration modes is minimized. Therefore, it is possible to consider the FRF of an equivalent single degree of freedom system with natural frequency ωi and damping factor ζi , corresponding to the i th vibration mode of the target, as the desired FRF of the weighted signal of the modal filter, which can be written as



gi (ω) =



2ζi ωi2 . ωi2 − ω2 + 2 j ζi ωi ω



(1)



Whenever the vibration modes are weakly damped and relatively well spaced, the resonance peaks are well defined and, thus, (1) represents a realistic objective for the filtered FRF signal. Let Y be a matrix with columns that 2



Smart Mater. Struct. 18 (2009) 095046



C C Pagani Jr and M A Trindade



represent the FRFs of the n selected sensors in the array discretized in a frequency domain [ω1 , . . . , ωm ]. Let Gi = [gi (ω1 ), . . . , gi (ωm )] be the vector representing (1) in the discrete frequency domain. The vector of coefficients α i which equates the filtered output (weighted sum of sensors outputs) to the one defined by the vector Gi is the solution of the following system ⎡ ⎤ ⎡ ⎤⎡ ⎤ gi (ω1 ) Y1 (ω1 ) · · · Yn (ω1 ) αi 1 .. .. .. ⎣ ⎦ ⎣ ... ⎦ = ⎣ .. ⎦ . (2) . . . . αin Y1 (ωm ) · · · Yn (ωm ) gi (ωm )



and computationally inefficient, since Y may be decomposed through QR decomposition, where Q is an orthonormal matrix and R is upper triangular, such that Y = QR and (5) can be rewritten as



α † = [(QR)H QR]−1 (QR)H G, which, after expansion and accounting for QH Q = I, reads



α † = R−1 QH G.



(3)



Actually, Yα † approximates G† , a matrix with columns that are the orthogonal projection of the columns of G onto the space spanned by the columns of Y. The traditional Moore– Penrose pseudo-inverse solution of (3) for a full column rank Y matrix (with columns that are linearly independent) may be obtained by pre-multiplying (3) by YH , where the symbol H denotes the Hermitian,



such that



YH Yα † = YH G,



(4)



α † = (YH Y)−1 YH G.



(5)



3. Application to a plate with an array of bonded piezoceramic patches



Y† = (YH Y)−1 YH is then the pseudo-inverse of Y. This approximate solution is known to be the best fit in a least squares sense to the linear system (3) since it minimizes the Euclidean norm of the column-wise residuals. This result can be obtained by writing the residual norm for column i as



Gi − Yα i 22 = (Gi − Yα i )H (Gi − Yα i ) = α Hi YH Yα i − 2α Hi YH Gi + GHi Gi ,



In this section, the modal filter design technique presented in the previous section is applied to a plate with bonded piezoceramic patches, acting as sensors, to analyze its effectiveness and evidence its limitations. 3.1. Finite element modeling



(6)



which has the following gradient



∇[Gi − Yα i 22 ] = 2YH Yα i − 2YH Gi .



The host structure considered is a free rectangular aluminum plate, of dimensions 320 mm × 280 mm × 3 mm, having 36 identical thickness-poled PZT-5H piezoceramic patches bonded to its upper surface. The piezoceramic patches have dimensions 25 mm × 25 mm × 0.5 mm. Figure 1 presents a geometric description of the model. The material properties are: (i) aluminum, Young’s modulus 70 GPa, Poisson ratio 0.33, mass density 2700 kg m−3 ; and (ii) PZT-5H, mass density E E E 7500 kg m−3 , and elastic c11 = c22 = 127 GPa, c33 = E E E E 117 GPa, c12 = 80.2 GPa, c13 = 84.7 GPa, c44 = c55 = E 23.0 GPa, c66 = 23.5 GPa, piezoelectric d31 = d32 = −274 pC N−1 , d33 = 593 pC N−1 , d15 = d24 = 741 pC N−1



(7)



The least squares solution α ∗i can be found by imposing that the gradient in (7) vanishes and solving the resulting equation for α ∗i , which leads to



α ∗i = (YH Y)−1 YH Gi .



(10)



Notice that the inverse of R does not need to be evaluated; instead the upper triangular linear system, Rα † = QH G, is solved through back substitution, which is computationally more efficient. For all the cases studied in the present work, the solution through QR decomposition was always convenient, since the FRF matrix has had full column rank. If at least two columns of the FRF matrix are linearly dependent, this means that two sensor outputs are equivalent so that one of them is dispensable and the array formed by these sensors is equivalent to one with one sensor less; thus, it should present lower performance. Nevertheless, if this is the case, the singular value decomposition (SVD) is the suitable method to approximate the least squares solution. In practice, the truncation of matrix Y over a given frequency range will affect its QR decomposition and, thus, the approximate solution of the linear system (3). Let Y be the FRF matrix truncated at frequency ωt  ωm . Recent works have shown that there is a value for ωt = ωl such that all vibration modes inside the frequency range [ω  ωl ] are perfectly filtered, except the target ones, whereas vibration modes with natural frequency larger than ωt are not filtered [7, 23]. In order to filter the higher frequency modes, higher values for ωt have to be considered in the filter design (FRF truncation), but in this case, only a partial filtering can be assured for all modes, including those in the lower frequency range.



In general, the linear system defined by (2) admits only approximate solutions, which will be denoted α †i . The vector of weighting coefficients α †i represents the best solution, in a least squares sense, for the design of a modal filter which isolates the i th vibration mode response. If several vibration modes are to be considered simultaneously as target modes for the filter design, it is necessary to define G as the matrix of target FRFs with dimension m × p , where p denotes the number of target modes. Consequently, the approximate solution of (2), α † , is a matrix of dimension n × p , that is one column vector of weighting coefficients for each one of the target modes. This may be written in a compact form as Yα † = G.



(9)



(8)



Thus, α ∗ = α † and, consequently, the pseudo-inverse method provides the least squares solution. On the other hand, for a full column rank matrix, the inversion of YH Y is unnecessary 3
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Table 1. Twenty-six natural frequencies in the range 10–2000 Hz of the aluminum plate with 36 bonded piezoceramic patches.



Figure 1. Aluminum plate with 36 PZT-5H piezoceramic patches bonded to one of its surfaces (dimensions in mm).



T T T and dielectric 11 = 22 = 27.7 nF m−1 , 33 = 30.1 nF m−1 constants. The model was built and simulated in ANSYS commercial software. The structural element SHELL99, with a single layer, has been used to model the aluminum plate, while the element SOLID226 has been considered to model the piezoelectric patches. The element SOLID226 presents nodal degrees of freedom, for displacements in x , y and z directions and electric voltage, and electromechanical coupling properties required to model the sensor and actuator effects. This element has been used in cubic form, with 20 nodes, eight in each face (with common nodes at vertices). For the plate, 3584 SHELL99 elements were used, while 50 SOLID226 elements were considered for each piezoceramic patch. To ensure an ideal perfect bonding between the piezoceramic patches and the plate, the nodes on the bottom surface of the patches are mechanically coupled to the ones on the top surface of the plate. To this end, the nodes of the SHELL99 element must be offset to the contact surface with the SOLID226 element and the finite element meshes for both elements must be coherent. This is the geometric condition for an ideal (perfect) coupling between the aluminum plate and the piezoceramic patches. All the nodes of the piezoelectric patch surfaces bonded to the plate are considered electrically grounded. The dielectric properties of PZT-5H prevent the homogeneous distribution of the induced electrical charges on the free surface of the patches. Therefore, measurement of the electric potential in a specific node on the free surface will correspond to local information on induced strain. In practice, the free surface of each patch is covered with an electrode which ensures a uniform level of induced electric potential (equipotential) in the free surface of each patch. To analyze the effect of the electrode, the mode shapes, natural frequencies and electric potential distributions for the first four vibration modes are evaluated without and with electrodes on the free surfaces of the patches (figure 2). Although the equipotential condition does not much affect the



Mode



Frequency (Hz)



1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26



113.10 155.67 223.26 278.60 308.20 454.61 535.69 551.91 594.72 684.90 853.64 880.65 910.31 991.72 1153.9 1224.2 1273.6 1287.5 1455.9 1477.3 1539.7 1733.8 1822.8 1875.5 1897.9 1962.7



modal shapes and natural frequencies, it greatly affects the electric potential distribution on the patches. Therefore, it is a necessary condition to properly evaluate the output response of the piezoelectric sensors. More details on the importance of equipotential conditions on the modeling of piezoelectric structures can be found in [24]. For reference, table 1 shows the 26 natural frequencies in the range (10–2000) Hz of the assembly (all sensors with electrodes). 3.2. Modal filter performance for a reduced number of sensors Modal filters can be simulated and, in practice, implemented using 36, or even more, sensors bonded to the aluminum plate, since technical support allows it. However, one should wish to minimize the number of sensors in the array while maximizing the performance of modal filters since using fewer sensors reduces project cost, structure weight and complexity of the acquisition system, which are all very important in practical applications. Therefore, in this section, only 12 of the 36 sensors shown previously are considered to be active. This allows us to form a large number of reduced-dimension arrays and analyze the effect of the array topology on the performance of modal filters derived from it. It is supposed that the piezoceramic patches do not significantly alter the vibration modes and natural frequencies of the plate so that the topologies with 12 sensors may be all evaluated by simply considering the output of the selected sensors in the modal filter design. This means that the 24 inactive sensors are also bonded to the structure but their output is ignored. The main reason for this procedure is that most of the computational cost comes from 4
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Figure 2. Mode shapes, natural frequencies and voltage distributions in the sensors for the first four vibration modes of the plate with bonded piezoceramic patches without (left) and with the (right) equipotential condition.
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Figure 3. Output of two modal filters based on a first topology formed by a regular array of 12 sensors.



Figure 4. Output of two modal filters based on a second topology formed by a regular array of 12 sensors.



two different vibration modes. The phenomenon of spatial aliasing is more easily detected in regular arrays of sensors. Indeed, for the topology described in figure 4, a similar pattern of voltage signals has been observed for the 12 selected sensors at the second and seventh vibration modes. It is not intended here to discuss further the spatial aliasing phenomenon and its consequences since it can be easily reduced or eliminated by the use of non-regular arrays. Figures 3 and 4 indicate that, with the exception of topologies susceptible to spatial aliasing, 12 sensors should be enough for a satisfactory filtering quality in the frequency range up to 800 Hz. If it is required to increase the frequency range of the modal filters, the FRF truncation frequency for the QR decomposition could be increased but, generally, this will lead to a loss in the filtering quality. One could also think of increasing the number of sensors in the array to increase the frequency range of the modal filters derived from it. This was done here by considering the average and standard deviation of a sample of 104 arbitrary topologies with 14 and 16 sensors, selected from the 36 of the base array. For comparison purposes 104 arbitrary topologies with 12 sensors are considered. The FRFs considered for the QR decomposition are truncated at 1000 Hz, which leads to a frequency range containing 14 vibration modes (table 1). Figures 5–7 show the average and one standard deviation confidence interval output of modal filters designed to isolate the first two vibration modes using 12, 14 and 16 sensors, respectively. It is clear that both the average and standard deviation of filtering quality in the frequency range up to 1000 Hz improve as the number of sensors approaches 16. On the other hand, the standard deviation of the filtered output outside the frequency range of interest increases with the number of sensors. For 16 sensors, both modal filters are very effective in isolating the first and second resonances for any of the 104 arbitrary topologies considered, since the standard deviation of the response nearly vanishes up to 1000 Hz



the evaluation of the FRF matrix and, thus, in the proposed methodology this evaluation is performed only once for the plate with 36 sensors, even though only 12 selected outputs will be considered for each topology. Evidently, the hypothesis that the 24 inactive sensors do not much alter the results shall be confirmed afterward by remodeling the plate with only 12 sensors for given selected topologies. The FRF of each piezoceramic patch was evaluated through modal superposition considering the 26 flexible vibration modes in the frequency range 10–2000 Hz, with steps of 0.5 Hz, and a transverse point force applied near the upperright corner of the plate. To point out the overall performance and main limitations of the modal filter design technique presented previously, some quite straightforward topologies were considered for the design of two modal filters to isolate the first and second resonances independently. The FRFs were truncated at 800 Hz, which was found to be the limiting frequency for a perfect modal filter (ωl ) in this case. Indeed, the frequency range 10–800 Hz contains 10 resonances, as shown in table 1, which is less than the number of sensors considered. Figure 3 shows the filtered output for a simple rectangular array topology. As expected, the performance of both modal filters is very good up to 800 Hz. Therefore, higher resonances are not filtered and may have amplitudes even higher than the two (target) isolated resonances. Figure 4 shows the results for another simple array. In this case, the performance of the modal filter designed to isolate the second resonance is degraded even below 800 Hz, such that the seventh resonance is only partially filtered. This lowperformance modal filtering occurs due to the modal coupling between the second and seventh vibration modes. Actually, some authors have associated the limited performance and frequency range of modal filters with the phenomenon of spatial aliasing [7]. This consists of a similar pattern of voltage signals induced at the sensors when the structure vibrates in 6
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Figure 5. Average and one standard deviation confidence interval of the output of first (a) and second (b) mode modal filters based on a sample of 104 arbitrary topologies of 12 sensors.



Figure 6. Average and one standard deviation confidence interval of the output of first (a) and second (b) mode modal filters based on a sample of 104 arbitrary topologies of 14 sensors.



truncation frequency was evaluated from the mean between two adjacent resonance frequencies such that ωt ( j ) = (ω j + ω j +1 )/2, j ∈ nm. Figure 8(a) shows the average and one standard deviation confidence interval of the residual error norm in terms of the number of modes (nm) for a set of selected number of sensors (ns). One may notice that, as expected, as the number of sensors increases: (i) the overall residual error norm decreases and (ii) the number of modes that may be present in the frequency range, without leading to a significant residual error, increases. Figure 8(a) can also be used to derive relations between ns and nm. This was done here by considering three values of acceptable residual error norm: 0.4, 1.0 and 1.6. These values were based on the following: (i) a residual error norm of 0.4 leads to a non-observable error in the filter output FRF, in fact this error corresponds to the upper bound of the confidence interval in figure 7; (ii) a residual error norm of 1.6 is considered to be the maximum acceptable value since it leads to an easily observable residual in the filter output FRF



(figure 7). For 12 and 14 sensors, unfiltered residual response for other resonances in the frequency range of interest can be observed (figures 5 and 6). However, based on the one standard deviation confidence intervals, it is possible to assume that there may be some specific topologies of 12 and 14 sensors that lead to effective modal filters. In order to better understand the relation between the number of sensors used and the number of modes present in the truncation frequency range, a more extensive analysis was performed. For that, a parametric analysis of the residual error norm |Gt | − |Yt α † |2 of the outputs of two modal filters to isolate the first and second modes was performed. The parameters considered were the number of active sensors (ns ∈ N: 4  ns  20) and the number of modes (nm ∈ N: 3  nm  26) present in the frequency range used for the truncation of the FRF matrix before QR decomposition. For each sensor number, 104 arbitrary topologies formed by ns selected sensors were considered. To guarantee the presence of nm modes in the frequency range considered, the FRF 7
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Figure 7. Average and one standard deviation confidence interval of the output of first (a) and second (b) mode modal filters based on a sample of 104 arbitrary topologies of 16 sensors.



Figure 8. Average and one standard deviation confidence interval of residual error norm (a) in terms of number of sensors (ns) and number of modes (nm) considered and relation between ns and nm for a residual error norm at: (b) 0.4, (c) 1.0, (d) 1.6.



and corresponds to the lower bound of the confidence interval in figure 5; (iii) the 1.0 residual error norm value is just the average between the other two. Figure 8(b) shows that, for a 0.4 residual error norm, the relation between ns and nm is below the 1:1 line, meaning that the number of sensors should be higher, by two units on average, than the number of modes in the frequency range. However, the upper bound of the one standard deviation confidence interval almost matches the 1:1 line, meaning that it might be possible to match ns and nm for selected array topologies. On the other hand, when the residual error norm threshold is increased, the curve nm × ns goes up (figures 8(c) and (d)), meaning that a higher number of modes



may be considered in the frequency range for a given number of sensors in the array. For a residual error norm threshold of 1.6, an average topology should be able to match the number of sensors and modes (figure 8(d)). This is the case with the use of 14 sensors and the 1000 Hz frequency range, which contains 14 modes for the plate considered, as shown in figure 6. The analyses presented in this section indicate that although, on average, the number of modes, and thus the frequency range of the modal filter, is limited by the number of sensors considered, properly selected topologies could increase the frequency range, for a given number of sensors, or reduce the number of sensors, for a given frequency range. This 8
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vector define the corresponding individual. This procedure is repeated for all individuals in the initial population. The selection of the first 12 elements in the scrambled vector does not imply a tendency since the distribution of the sensor indices in the vector is equiprobable. The mutation operation, considered in this work, consists in replacing one of the 12 genes (sensors), selected randomly, of an individual by another one, selected randomly from the complementary group of sensors, that is, from the 24 remaining sensors not present in the individual. This procedure prevents the generation of an individual with repeated genes. The reproduction (crossover) operation combines the initial and final sections of two individuals (parents) to form a new individual (child), where the breaking position of the parents’ sequences (chromosomes) is defined randomly. In this case, the generation of an individual with repeated genes is possible and, when this is the case, the fitness function of this individual is not evaluated to save computational time; instead a small fitness value is attributed to it, such that its selection probability is also small. The selection operation is based on a stochastic universal sampling algorithm, where the expectation of individuals in the population is evaluated from a fitness ranking. Besides the choice of reproduction, mutation and selection operators, it is necessary to define the size of the initial population ( N ), the number of best individuals (elite) which are kept unmodified from one generation to another ( ), the percentage of the population in each generation which is generated by crossover (Tc ) and the total number of generations the population evolves ( Np ). Once Tc is defined, the remaining part of the population is generated by either the previous elite or a mutation operation. Some readers may be more familiar with the term genic mutation rate, which is defined as



Figure 9. Arbitrary representation of a topology candidate containing 12 sensors.



suggests that, for a given number of sensors in an array, the topology could be optimized to enhance performance.



4. Topological optimization of arrays of sensors This section presents a methodology for improving filtering performance through the topological optimization of arrays of sensors. 4.1. Optimization strategy After some numerical simulations with straightforward topologies derived from the base array with 36 sensors presented previously, it becomes clear that the relation between the array topology and the filtering performance is quite complex, even when the mode shapes are known. Hence, optimal solutions require a more advanced strategy. An extensive search of the possible combinations of 12 sensors from the 36 available would lead to an impracticable computational cost, since around 1 billion (C36,12 ) combinations would have to be evaluated. Extensive search could, however, be considered using selected subspaces to identify rationales for the parameters setup of another search strategy [23, 25]. GAs are more suitable search methods in these cases when the research space is too large, strongly multimodal and nonlinear. It is chosen here to set up a GA search by defining a random initial population formed by so-called individuals with chromosomes that are composed of 12 genes as illustrated in figure 9. Each gene is an integer number from 1 to 36 representing the sensor index. Therefore, one individual represents a topology formed by the 12 sensors defined by its genes. A similar approach for the optimization of sensors positioning was presented in [12]. Following the standard GA evolutionary process, the initial population is considered to evolve along a set of generations through reproduction (crossover), mutation and selection operations. While reproduction and mutation operations aim to provide diversity to the population, the selection operation aims to rank individuals with respect to a fitness or objective function. Since this is a random search algorithm, the optimal results are dependent on the initial population and on the reproduction, mutation and selection parameters. However, it is expected that for a sufficiently large number of generations or size of the initial population, the algorithm will converge to the global optimum. More details on convergence and parameter selection can be found in [26]. Since any individual in the population is composed of 12 different integer numbers in the domain (1, . . . , 36), a specific routine was written to build the initial population. For each individual, the routine scrambles randomly a vector of integers from 1 to 36 and, then, the first 12 elements of the scrambled



Tg = (1 − Tc )(N − )/(12 N),



(11)



such that crossover percentages of 30, 40, 50, 60 or 70% lead to genic mutation rates of 5.8, 5.0, 4.2, 3.3 or 2.5%, respectively. Apart from the procedures proposed for the construction of the initial populations, the mutation operation and the definition of the parameters, the optimization was performed using operators and algorithms of the MATLAB Genetic Algorithm and Direct Search (GADS) Toolbox. 4.2. Objective function to rank the performance of the modal filters The objective of the present optimization is to find the topology of an array with 12 sensors that maximizes the filtering quality, over a given frequency range, of modal filters designed to isolate a given set of resonances of the structure. Five cases were studied using the following as target vibration modes to be isolate by the modal filters: {1}, {1, 2}, {1, 2, 3}, {1, 2, 3, 4} and {1, 2, 3, 4, 5}. The target frequency range is 0– 1000 Hz, which is higher than the limit frequency ωl = 800 Hz for the present case and, as shown in table 1, contains 14 resonances (four above ωl ). Therefore, the FRF truncation frequency is defined as ωt = 1000 Hz such that, for an arbitrary array topology, no filtering quality can be guaranteed along the 9
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Figure 10. Normalized output of the modal filter designed for the isolation of the first vibration mode.



Figure 11. Normalized output of the modal filter designed for the isolation of the first and second vibration modes.



Figure 12. Normalized output of the modal filter designed for the isolation of the first three vibration modes.



frequency range, while an optimal topology can maximize this quality. For implementation purposes, the objective function to be minimized is then defined as the residual error norm



J = |Gt | − |Yt α † |2



different initial populations were performed for each case and the best results from these simulations are saved. The following figures present, for each one of the five cases studied, the normalized filter output, such that the amplitude at target resonances is unitary, and the corresponding optimal topology, in which the 12 selected sensors are highlighted from the original array of 36 sensors. Figure 10 shows that topological optimization for isolation of the first vibration mode has provided excellent performance up to 1200 Hz, although the modal filter has been designed for optimal performance until 1000 Hz. Therefore, the modal filter was effective up to the fifteenth mode and, thus, five additional resonant modes were effectively filtered compared to an arbitrary topology. In the second case, the topology was optimized so that two modal filters, one designed to isolate the first vibration mode and the other designed to isolate the second vibration mode, are effective up to 1000 Hz. Figure 11 shows that effective filtering can be obtained up to 1100 Hz (with unfiltered noise below 1% of the resonant response). This means that the fifteenth resonance is no longer filtered, but four additional resonances are still filtered compared to an arbitrary topology. Figures 12–14 show the normalized filter output when the first three, four and five modes are considered in the optimal design of the modal filters. For these cases, filtering



(12)



where Gt and Yt are the target and measured, by each sensor, FRFs truncated at frequency ωt and α † is the vector of weighting coefficients, evaluated using Gt and the QR decomposition of matrix Yt in (10). Another possible strategy that was presented in a previous work consists in maximizing the frequency range for a given filtering quality [26].



5. Results and discussion In this section, the results obtained for the modal filters with optimal topologies of arrays of sensors are presented. Based on previous studies [26], the following parameters were set for the GA optimization: initial population of N = 1500 individuals, crossover rate at Tc = 45%, genic mutation rate at Tg = 4.6%, elite population at  = 2 individuals and termination criteria at Np = 35 generations. To minimize the dependence of GA optimization on the initial population, 50 simulations with 10
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Figure 13. Normalized output of the modal filter designed for the isolation of the first four vibration modes.



Figure 14. Normalized output of the modal filter designed for the isolation of the first five vibration modes.



Figure 15. Comparison between normalized outputs of the modal filters designed for the isolation of the first and second vibration modes with (solid) and without (dashed) inactive sensors: (a) first mode, (b) second mode.



there is no guarantee that the optimal topologies remain optimal, but it is expected that their filtering performances remain in accordance with the optimal design goals. Figure 15 shows the comparison between normalized outputs of the modal filters designed for the isolation of the first (figure 15(a)) and second (figure 15(b)) vibration modes obtained using the original FE model (solid line) with 36 piezoelectric patches (although only the selected 12 FRFs are used in the modal filter) and the new FE model (dashed line) with only the selected 12 piezoelectric patches. A good agreement between the results is observed. Indeed, the unfiltered noise in the target frequency range (up to 1000 Hz) is increased by no more than 1% when inactive sensors are removed. It should be noted, however, that the concordance of this validation depends on the optimal topology and on how the



is effective up to the truncation frequency of 1000 Hz only and the unfiltered noise increases as the number of target modes increases, such that for three, four and five target modes, respectively, the unfiltered noise is below 2%, 2.2% and 4%. This suggests that as the number of target modes increases it is harder to find a topology that allows effective filtering for frequencies above the limiting frequency ωl (800 Hz in the present case). Next, it is necessary to validate the results of the optimal topologies of arrays of sensors for the practical case when only the 12 selected sensors are bonded on the plate. This was done by remodeling the plate structure with optimal topologies in ANSYS, evaluating the FRFs of the corresponding sensors and reevaluating the vectors of the weighting coefficients for each target mode. Since the weighting coefficients are reevaluated, 11
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output of the selected sensors is affected by the elimination of the inactive sensors.
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6. Conclusions This paper presented a methodology for the topological optimization of arrays of piezoelectric sensors with the objective of improving performance and enlarging the frequency range of a set of modal filters. Genetic algorithm optimization techniques were used for the selection of 12 sensors, from an array of 36 piezoceramic sensors regularly distributed on an aluminum plate, which maximize the performance of a set of modal filters, each one aiming at one of the first five vibration modes. The weighting coefficients, for each modal filter, were evaluated using a QR decomposition of the complex FRF matrix. Results have shown that the FRF inversion technique may provide high-performance modal filters for frequencies up to 800 Hz in this case. It is also shown that topological optimization of the arrays of sensors may yield effective filtering of resonances beyond 800 Hz and up to 1200 Hz, depending on how much modal filters are considered in the design. The optimal results were validated for the case in which the inactive sensors are removed from the plate. Future works will be directed to the experimental validation of the present results and application of the proposed modal filters for active vibration control.



Acknowledgments This research was supported by FAPESP and CNPq, through research grants 04/10255-7 and 473105/2004-7, which the authors gratefully acknowledge. The first author also acknowledges CAPES for a graduate scholarship.



References [1] Chopra I 2002 Review of state of art of smart structures and integrated systems AIAA J. 40 2145–87 [2] Benjeddou A 2000 Advances in piezoelectric finite elements modeling of adaptive structural elements: a survey Comput. Struct. 76 347–63 [3] Chen C-Q and Shen Y-P 1997 Optimal control of active structures with piezoelectric modal sensors and actuators Smart Mater. Struct. 6 403–9 [4] Sun D, Tong L and Wang D 2001 Vibration control of plates using discretely distributed piezoelectric quasi-modal actuators/sensors AIAA J. 39 1766–72 [5] Tanaka N and Sanada T 2007 Modal control of a rectangular plate using smart sensors and smart actuators Smart Mater. Struct. 16 36–46 [6] Fripp M L and Atalla M J 2001 Review of modal sensing and actuation techniques Shock Vib. Dig. 33 3–14 [7] Preumont A, Franc¸ois A, De Man P and Piefort V 2003 Spatial filters in structural control J. Sound Vib. 265 61–79



12



























[image: Weights Optimization of 1D and 2D Adaptive Arrays ...]
Weights Optimization of 1D and 2D Adaptive Arrays ...












[image: On the Complexity of Explicit Modal Logics]
On the Complexity of Explicit Modal Logics












[image: Multi-Modal Medical Image Registration based on ...]
Multi-Modal Medical Image Registration based on ...












[image: On the filtering properties of evolved gate arrays]
On the filtering properties of evolved gate arrays












[image: Effect of damping on the nonlinear modal ...]
Effect of damping on the nonlinear modal ...












[image: Automated Locality Optimization Based on the ... - Semantic Scholar]
Automated Locality Optimization Based on the ... - Semantic Scholar












[image: Simulation-based optimization of Markov decision ...]
Simulation-based optimization of Markov decision ...












[image: Optimization of shoot apex based cotton ... - Semantic Scholar]
Optimization of shoot apex based cotton ... - Semantic Scholar












[image: In search of an SVD and QRcp Based Optimization ... - CiteSeerX]
In search of an SVD and QRcp Based Optimization ... - CiteSeerX












[image: In search of an SVD and QRcp Based Optimization ... - CiteSeerX]
In search of an SVD and QRcp Based Optimization ... - CiteSeerX












[image: Optimization of Pattern Matching Algorithm for Memory Based ...]
Optimization of Pattern Matching Algorithm for Memory Based ...












[image: Cost-Based Optimization of Service Compositions..pdf]
Cost-Based Optimization of Service Compositions..pdf












[image: VaR-based portfolio optimization on the Stock Exchange in Warsaw]
VaR-based portfolio optimization on the Stock Exchange in Warsaw












[image: DSP-Based Implementation and Optimization of an Iris ...]
DSP-Based Implementation and Optimization of an Iris ...












[image: Optimization of shoot apex based cotton regeneration system]
Optimization of shoot apex based cotton regeneration system












[image: DSP-Based Implementation and Optimization of an Iris ...]
DSP-Based Implementation and Optimization of an Iris ...












[image: Budget Optimization in Search-Based Advertising Auctions - School of ...]
Budget Optimization in Search-Based Advertising Auctions - School of ...












[image: Adaptive Optimization of IEEE 802.11 DCF Based ... - Semantic Scholar]
Adaptive Optimization of IEEE 802.11 DCF Based ... - Semantic Scholar












[image: Adaptive Optimization of IEEE 802.11 DCF Based ... - Semantic Scholar]
Adaptive Optimization of IEEE 802.11 DCF Based ... - Semantic Scholar












[image: Optimization of Pattern Matching Algorithm for Memory Based ...]
Optimization of Pattern Matching Algorithm for Memory Based ...















Optimization of modal filters based on arrays of ...






Aug 17, 2009 - array of sensors distributed on the host structure. Although several ... composed of a host structure with sensors and actuators which are able to monitor .... advanced structural design, for instance the simultaneous design of ... 






 Download PDF 



















 1MB Sizes
 2 Downloads
 270 Views








 Report























Recommend Documents







[image: alt]





Weights Optimization of 1D and 2D Adaptive Arrays ... 

Department of Electrical Engineering. College of Engineering, University of Basrah. Abstract- In this ... 6, simulation results from computer are presented and.














[image: alt]





On the Complexity of Explicit Modal Logics 

Specification (CS) for the logic L. Namely, for the logics LP(K), LP(D), LP(T ) .... We describe the algorithm in details for the case of LP(S4) = LP and then point out the .... Of course, if Î“ âˆ© âˆ† = âˆ… or âŠ¥ âˆˆ Î“ then the counter-model in q














[image: alt]





Multi-Modal Medical Image Registration based on ... 

(spatial index), s (imaging plane index); so that the 3-D snake function to be optimized is defined as f(v) = Ä®1Å’vrÅ’ +. Ä®2Å’vsÅ’+ È•1Å’vrrÅ’ + È•2Å’vssÅ’ + È•4Å’vrsÅ’+ E, where {Ä®i} are constants imposing a tension constraint, and {È•i} are cons














[image: alt]





On the filtering properties of evolved gate arrays 

In practice the coefficients {ai} ..... each fitness function the best chromosomes of 25 runs of the algorithm ..... Actually when the output data was inspected 247 and 8 didn't occur. .... Visualization: An Investigation into IIR Filteringâ€�, Evolu














[image: alt]





Effect of damping on the nonlinear modal ... 

(Î´1 Â¼0.3%), it is no longer possible to excite the E and F modes, Fig. 8b, they merge presenting the EÑŽF shape, Fig. 7b. The peculiar behavior of the (n:2) internal resonance appears by further increasing the damping level; when c40.03 Ns/m (Î´1 4














[image: alt]





Automated Locality Optimization Based on the ... - Semantic Scholar 

applications string operations take 2 of the top 10 spots. ... 1, where the memcpy source is read again .... A web search showed 10 times more matches for optimize memcpy than for ..... other monitoring processes, such as debuggers or sandboxes. ... 














[image: alt]





Simulation-based optimization of Markov decision ... 

from simulation. We provide sample complexity of such an approach. Index Termsâ€”Markov decision processes, Markov games, empirical process theory, PAC learning, value function estima- tion, uniform rate of convergence, simulation-based optimiza- tio














[image: alt]





Optimization of shoot apex based cotton ... - Semantic Scholar 

Cotton is an important fibre crop of global importance. It is grown in ... Genetic engineering offers a direct method of plant breeding that selectively targets one or ...














[image: alt]





In search of an SVD and QRcp Based Optimization ... - CiteSeerX 

Therefore, an optimum design of neural network is needed towards real-time ... (corresponding author to provide phone: +91-3222-283556/1470; fax: +91-. 3222-255303 .... or not in a Digital Signal Processor based system. We use that.














[image: alt]





In search of an SVD and QRcp Based Optimization ... - CiteSeerX 

optimize empirically chosen over-parameterized ANN structure. Input nodes present in ... (corresponding author to provide phone: +91-3222-283556/1470; fax: +91-. 3222-255303 ... of the recorded waveform [4], [5] and allows computer aided.














[image: alt]





Optimization of Pattern Matching Algorithm for Memory Based ... 

Dec 4, 2007 - widely adopted for string matching in [6][7][8][9][10] because the algorithm can ..... H. J. Jung, Z. K. Baker, and V. K. Prasanna. Performance of.














[image: alt]





Cost-Based Optimization of Service Compositions..pdf 

different external partners (e.g., suppliers of parts, shippers,. credit card companies) to implement the described func- tionality. Since the manufacturer's business ...














[image: alt]





VaR-based portfolio optimization on the Stock Exchange in Warsaw 

Jun 2, 2009 - spect to value at risk on the Stock Exchange in Warsaw between the ... For each set of h, f, Î±, p and for each day d between 16 April 1991 and.














[image: alt]





DSP-Based Implementation and Optimization of an Iris ... 

it suitable for high security access control application. The three main .... Development Environment ... interface which speeds up development time and reduces.














[image: alt]





Optimization of shoot apex based cotton regeneration system 

Optimization of shoot apex based cotton regeneration system. R.Pushpa and T.S.Raveendran. Abstract. Cotton (Gossypium spp.) belonging to the genus ...














[image: alt]





DSP-Based Implementation and Optimization of an Iris ... 

HD. THD Î³ Î² Î±. +. +. = âž¢ Hamming distance is a measure of dissimilarity between two binary templates. âž¢ A threshold is set to decide if the two templates are ...














[image: alt]





Budget Optimization in Search-Based Advertising Auctions - School of ... 

wards advertisers and provide statistics about the history of ... (e.g., it could be based on unstable historical data). Thus ...... Geometry: An Introduction.














[image: alt]





Adaptive Optimization of IEEE 802.11 DCF Based ... - Semantic Scholar 

Jul 17, 2006 - 1 INTRODUCTION. THE IEEE 802.11 protocol [1] has become the predominant technology for wireless local area networks (WLAN). One of the ...














[image: alt]





Adaptive Optimization of IEEE 802.11 DCF Based ... - Semantic Scholar 

Jul 17, 2006 - number of competing terminals that access the wireless channel [2], [3], [4], [5], .... The estimation-based mechanisms have a benefit over ...... book entitled Wireless Communication Systems: Advanced Techniques for Signal ...














[image: alt]





Optimization of Pattern Matching Algorithm for Memory Based ... 

Dec 4, 2007 - accommodate the increasing number of attack patterns and meet ... omitted. States 4 and 8 are the final states indicating the matching of string ...


























×
Report Optimization of modal filters based on arrays of ...





Your name




Email




Reason
-Select Reason-
Pornographic
Defamatory
Illegal/Unlawful
Spam
Other Terms Of Service Violation
File a copyright complaint





Description















Close
Save changes















×
Sign In






Email




Password







 Remember Password 
Forgot Password?




Sign In



















Information

	About Us
	Privacy Policy
	Terms and Service
	Copyright
	Contact Us





Follow us

	

 Facebook


	

 Twitter


	

 Google Plus







Newsletter























Copyright © 2024 P.PDFKUL.COM. All rights reserved.
















