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Abstract

:

Piezoelectric (PZT) patches are widely preferred for actuators and sensors for achieving active vibration cancellation (AVC). When PZT actuators and sensors are placed at the region of maximum strain energy for structural modes, there are still uncontrollable and controllable modes in the actual application. When an uncontrollable mode is excited, the structural vibration problem may not be solved by AVC, and may even be aggravated. However, a few studies have specifically targeted this problem. In this study, the controllable modes of a plate with free boundaries are investigated to ensure the AVC effect. To specify the controllable modes in advance, a criterion for controllable modes is proposed. The proposed criterion is firstly obtained by defining the ratio of the open-loop and closed-loop energies of AVC, and then simplified by considering the dominating modes. Corresponding simulations and experiments are conducted on a smart plate consisting of PZT patches to verify the correctness of the theoretical analysis. Results show that the proposed criterion is reliable to specify the controllable modes. The vibration response of the plate is significantly attenuated at the selected controllable mode, and conversely enlarged at a specified uncontrollable mode. It is verified that controllable modes can be effectively predicted by the proposed criterion, which promotes the application of AVC.






Keywords:


controllable mode; PZT; active vibration cancellation












1. Introduction


During the last decade, active vibration cancellation (AVC) has been widely investigated for achieving vibration attenuation in the aerospace and automotive fields [1,2,3]. Especially, AVC using piezoelectric (PZT) patches [4,5] has attracted attention due to its advantages of light weight, compact size, and low cost [6,7]. In recent years, many efforts have been made in terms of actuator placement to facilitate AVC applications using PZT patches [5]. Utilizing the optimal actuator placement, the AVC effect for each concerned mode cannot be ensured in many practical applications [8]. Therefore, several measures should still be taken to ensure the performance of AVC.



Controllability and observability analyses are helpful to ensure the AVC effect, which was proved by Abreu et al. [9]. Shevtsov et al. [10] emphasized that the controllability and observability of AVC are influenced by the size and location of the actuators. Mojtaba et al. [11] utilized spatial controllability/observability to determine optimal orientations of PZTs and ensured the AVC effect. Vasques et al. [12] pointed out that the AVC effect is mainly affected by unobserved model dynamics at the location of piezoelectric sensors. In addition, Singhal et al. [13] summarized that a misplacement of piezoelectric patches can lead to a lack of observability and controllability. Considering the lack of observability and controllability, majority studies mainly focused on high frequency spillover induced by the uncontrolled mode [14,15,16]. Tehrani et al. [14] demonstrated that the high frequency spillover of AVC is mostly determined by the uncontrolled mode. Morris et al. [15] weighted several uncontrolled modes to prevent the spillover of AVC. For spillover reduction of the modes, Xue et al. [16] proposed an optimal sensor placement to ensure vibration reduction in the controlled mode. Furthermore, Khan et al. [17] noted that the vibration of a smart structure may be aggravated in the controlled mode. The aggravated vibration does not benefit the actual suppression of vibration and noise. However, only a few studies considered the aggravated structural vibration induced by AVC.



In order to ensure the AVC effect, the mechanism of aggravated vibration is revealed, which is related to the location of PZT. When the positions are assigned, the structural modes can be divided into controllable and uncontrollable modes. Based on the open-loop and closed-loop energies of AVC, a criterion for the selection of controllable modes is proposed. When AVC is implemented at the selected controllable mode, vibration attenuation can be achieved. Meanwhile, the uncontrollable modes should be excluded during the implementation of AVC to avoid aggravated vibrations.



The rest of the article is organized as follows. In Section 2, the dynamic model of the smart plate is built. In Section 3, the criterion is presented to specify controllable and uncontrollable modes. In Section 4, simulations for each concerned mode are carried out to verify the theoretical analyses. In Section 5, typical experiments are performed to further verify the selected controllable and uncontrollable modes. Finally, several conclusions are drawn.




2. Dynamic Modeling


In this section, the dynamic model of a smart plate consisting of PZT actuators and sensors is presented. For the PZT sensors, it is assumed that the applied electric field is zero; PZT is polarized along the z-direction and the influence of the self-induction electric field is ignored. A state-space equation of the model is derived to facilitate the controllable mode analysis mentioned later in this work.



2.1. Dynamic Equation


Figure 1 shows a schematic view of the smart plate of this study. A homogeneous plate (dimensions: Lp,x × Lp,y × hp) was considered. The PZT actuator and sensor have the dimensions of La,x × La,y × ha and Ls,x × Ls,y × hs, respectively. The vibration of the plate was excited by both a sinusoidal external disturbance F(t) and a sinusoidal actuating voltage y(t). The displacement of the plate under pure bending is represented by   ξ  (  x , y , t  )   . For simplicity, the parameters of   ξ  (  x , y , t  )    in the brackets will be omitted in the following derivation. The sensing voltage of PZT is denoted as e(t). The Cartesian coordinate system for the smart plate is shown in Figure 1, and its origin is taken at one vertex of the plate. When the plate vibration is subjected to both disturbance F(t) and actuating voltage y(t), the dynamic equation of the plate [18,19] is:


   D p   [     ∂ 4  ξ   ∂  x 4    +    ∂ 4  ξ   ∂  y 4    + 2    ∂ 4  ξ   ∂  x 2  ∂  y 2     ]  +  ρ p   h p   ξ ¨  = F  ( t )  δ  (  x −  x F   )  δ  (  y −  y F   )  −  χ a  y  ( t )   (     ∂ 2   R a    ∂  x 2    +    ∂ 2   R a    ∂  y 2     )   



(1)




where    D p  =  E p   I p   (  1  + j   η p   )    is the complex flexural rigidity of the plate;    E p   ,    I p   ,    ρ p   ,    h p   , and    η p    represent the Young’s modulus, the inertia moment, the density, the thickness, and the loss factor of the plate, respectively;    χ a    is a constant determined by the converse piezoelectric effect of PZT [20];    (   x F  ,  y F   )    is the location of the external disturbance   F  ( t )   ; and    R a    is the generalized location function of PZT. In Equation (1), the additional mass and stiffness of PZT are neglected, since the dimensions of the piezoelectric patches are small compared with those of the plate [21].



Utilizing the separation variable method, the transverse displacement of the plate is denoted as:


  ξ  (  x , y , t  )  =  Φ T   



(2)




where    Φ  =  [   φ  11    (  x , y  )  ,  φ  12    (  x , y  )  , ⋯ ,  φ  M N    (  x , y  )   ]   ;    T  =    [   T  11    ( t )  ,  T  12    ( t )  , ⋯ ,  T  M N    ( t )   ]   T   ;    φ  m n    (  x , y  )    is the mode shape function satisfying the geometric boundary conditions;    T  m n    ( t )    is the modal response of the first    (  m , n  )    mode; m and n are the number of half-waves in the longitudinal (x) and lateral (y) directions; and M and N are the total number of mode shapes in the x and y directions, respectively.



Based on the piezoelectric effect, the sensing signal of PZT is generated by the plate vibration. As shown in Figure 2, the amplified sensing signal, e(t), is denoted as [22]:


  e  ( t )  =    χ s     H c      Φ  s  ″     T   T   



(3)




where    χ s    is a constant determined by the piezoelectric effect of PZT;    H c    represents the transfer function of the charge amplifier circuit;     Φ  s  ″   =  L  s , x    L  s , y    χ s   [   ϕ  11    (   x s  ,  y s   )  ,  ϕ  12    (   x s  ,  y s   )  , ⋯        ,  ϕ  M N    (   x s  ,  y s   )   ]   ; and    (   x s  ,  y s   )    is the center coordinate of PZT. Meanwhile,    ϕ  m n    (   x i  ,  y i   )    represents the modal strain of the plate, which is given by:


   ϕ  m n    (   x i  ,  y i   )  =      (     ∂ 2    ∂  x 2    +    ∂ 2    ∂  y 2     )   φ  m n    |    x =  x i  , y =  y i     



(4)







As shown in Equation (3), the modal strain has a direct influence on the sensing voltage of PZT.




2.2. State-Space Model


By using the orthogonality conditions of    φ  m n    (  x , y  )   , substituting Equation (2) into Equation (1), multiplying    φ  m n    (  x , y  )    and then integrating over the entire area of the plate, the usual state-space representation is obtained as:


   {      x ˙   =  A x  +   B  F  F  ( t )  +   B  u  y  ( t )      e =  C x      ,  



(5)




where    x  =    [    T ˙   11   ,  ω  11    T  11   ,   T ˙   12   ,  ω  12    T  12   , ⋯   T ˙   M N   ,  ω  M N    T  M N    ]   T   ;    A  = diag  (    A   m n    )   ,     A   m n   =  [      −  η p   ω  m n       −  ω  m n          ω  m n      0     ]   ;    ω  m n  2  =    D p   /   ρ p   h p       ∫ 0   L x        ∫ 0   L y      [     (     ∂ 2   /  ∂  x 2    +    ∂ 2   /  ∂  y 2     )   2   φ  m n    (  x , y  )   ]   φ  m n    (  x , y  )  d x d y        ;     B  F  =  1 /   ρ p   h p     [   φ  11    (   x F  ,  y F   )     ,      0 ,  φ  12    (   x F  ,  y F   )  , 0 , ⋯ ,  φ  M N    (   x F  ,  y F   )  , 0  ]   T   ;     B  u  = −  Δ  a , x    Δ  a , y      χ a   /   ρ p   h p     [   ϕ  11    (   x a  ,  y a   )  , 0 ,  ϕ  12    (   x a  ,  y a   )  , 0 , ⋯          ,  ϕ  M N    (   x a  ,  y a   )  , 0  ]   T   ; and    C  = −    Δ  s , x    Δ  s , y    χ s   /   ρ p   h p     [  0 ,  ϕ  11    (   x s  ,  y s   )  , 0 ,  ϕ  12    (   x s  ,  y s   )  , ⋯ , 0 ,  ϕ  M N    (   x s  ,  y s   )   ]   . The controllability function,    H  c o n    , and observability function,    H  o b s     [23], are denoted as, respectively,


     H  c o n    = min   1 2     ∫  − T  0      ‖  y  ( τ )   ‖   2  d τ         H  o b s   = min  1 2     ∫  − T  0      ‖  e  ( τ )   ‖   2  d τ       



(6)




With Equations (5) and (6), the controllability and observability of AVC is related to sensing signal   e  ( t )    and actuating voltage   y  ( t )   . Based on Equations (1) and (3), the modal strains are related to   e  ( t )    and   y  ( t )   . Therefore, modal strains at the locations of the PZT actuators and sensors have a direct influence on the controllability and observability of AVC.



The state-space representation provides a complete and reliable model for the smart plate, which contributes to clarifying the controllable mode in AVC in Section 3.




2.3. AVC System for the Smart Plate


A typical AVC system shown in Figure 3 is considered. When AVC is not activated, the plate is only excited by an external sinusoidal disturbance. When AVC is started, the sensing signal of PZT caused by structural vibrations is transmitted to the controller. Based on the sensing signal, the control algorithm in the controller is activated to generate the desired actuating voltage. Then, the actuating voltage is applied to the PZT actuator through the voltage amplifier to achieve AVC. Thus, the controlled vibration is subjected to both the external disturbance and the PZT actuator, which is described in Equation (5).



The control signal   y  ( t )    in Equation (5) is repeatedly updated through the filtered-x least mean square algorithm (FxLMS) [24]. Utilizing FxLMS, the sensing signal of PZT will gradually decay to 0 and AVC is achieved.





3. Controllable and Uncontrollable Modes for AVC


3.1. Description of Controllable and Uncontrollable Modes


A smart structure with a typical AVC system [25] is shown in Figure 4. The PZT is placed at the region of maximum strain energy on the structure to ensure good sensing and actuating performances. Throughout the entire history of AVC, both a PZT sensor and an accelerometer are adhered to the opposite position of the structure.



The AVC effect in a controllable mode is shown in Figure 5a. Obviously, the structural vibration attenuation in the controllable mode is accompanied by the suppression of the PZT sensing signal [26,27]. In the uncontrollable mode, the structural vibration is enlarged while the PZT sensing signal is decreased as before. This unexpected phenomenon is shown in Figure 5b, and has a negative influence on AVC. Therefore, designating the controllable modes for AVC in advance is critical.




3.2. Theoretical Analysis


In case of a persistent sinusoidal disturbance, the open-loop and closed-loop vibration energies are obtained through a covariance analysis [28]. The covariance matrix of the sinusoidal disturbance is denoted as:


  E  [  F  ( t )  F  (  t + τ  )   ]  =    | F |   2   e  j ω τ   ,  



(7)




where    | F |    is the amplitude of the persistent disturbance and  ω  is the angular frequency of disturbance. Based on the Lyapunov equation [28], the total open-loop vibration energy is:


   E o  =  1 2    ∑  l = 1   M N     (   x  2 i − 1 , 2 i − 1   +  x  2 i , 2 i    )    =  1 2    ∑  m = 1  M     ∑  n = 1  N      β  m n        (   ω  m n  2     + j  η p  ω  ω  m n   −  ω 2   )   2         



(8)




where   l = m n   and    β  m n   =      | F |   2   e  j ω τ    φ  m n  2   (   x F  ,  y F   )   /   ρ p 2   h p 2     .



For the AVC system,   e  ( t )    tends to zero due to the effect of control signal   y  ( t )    in FxLMS. Based on Equation (5), the ideal control signal (y(t)) is:


  y  ( t )  = −     Φ  s  ″     T   Π    Φ  F T      Φ  s  ″     T   Π    Φ  a  ″     T    F  ( t )   



(9)




where    Π  = diag  [   1 /   (   ω  m n  2     + j  η p  ω  ω  m n   −  ω 2   )     ]   .



Substituting Equation (9) into Equation (5) yields:


    x ˙   =  A x  +   C ˜     B  F  F  ( t )   



(10)




where     C ˜   =  [         C ˜    1 , 1          C ˜    1 , 2      ⋯       C ˜    1 , M N            C ˜    2 , 1          C ˜    2 , 2      ⋯       C ˜    2 , M N        ⋮   ⋮      ⋮         C ˜    M N , 1          C ˜    M N , 2      ⋯       C ˜    M N , M N        ]   ;      C ˜    i , j   =  [        c ˜   i , j      0     0   0     ]   ;     c ˜   i , j   =  {    −    α j   ϕ i   (   x a  ,  y a  ,  Δ x  ,  Δ y   )      ∑  k = 1   M N     α k   ϕ k   (   x a  ,  y a  ,  Δ x  ,  Δ y   )                  i ≠ j     1 −    α j   ϕ i   (   x a  ,  y a  ,  Δ x  ,  Δ y   )      ∑  k = 1   M N     α k   ϕ k   (   x a  ,  y a  ,  Δ x  ,  Δ y   )            i = j      ; the term    α j    is given by:


   α j  =    ϕ j   (   x s  ,  y s  ,  Δ x  ,  Δ y   )   /   (  ω  +    j 2  j  η p  ω  ω j  −  ω 2   )     



(11)







Based on Equation (10), the total closed-loop energy is:


   E c  =  1 2    ∑  m = 1  M     ∑  n = 1  N      β  m n      (  1 −  γ  m n    )   2       (   ω  m n  2     + j  η p  ω  ω  m n   −  ω 2   )   2         



(12)




in which the term    γ  m n     is given by:


   γ  m n   =    ϕ  m n    (   x a  ,  y a  ,  Δ x  ,  Δ y   )    ∑  j = 1   M N     α j     φ j   (   x F  ,  y F   )   /   φ  m n    (   x F  ,  y F   )          ∑  k = 1   M N     α k   ϕ k   (   x a  ,  y a  ,  Δ x  ,  Δ y   )       



(13)







Obviously, the value of    γ  m n     is influenced by the disturbance frequency, the mode shape, and the modal strain.



To specify the controllable mode, the ratio of the open-loop energy to the closed-loop energy is defined as:


  γ =    E c     E o     



(14)







The defined ratio is used as a criterion to predict the AVC effect. When the disturbance frequency,  ω , is close to the first (m, n) natural frequency,    ω  m n    , substituting Equations (8) and (12) into Equation (14) approximately yields:


  γ ≈  (   υ s 2  + 1  )     [     υ a  −  v F     v ω  +  υ a   υ s     ]   2   



(15)




in which    v ω  =    ω c 2     −  ω 2     ω  m n  2     −  ω 2      is the gap ratio of adjacent natural frequencies; the mode at    ω c    is the closest mode to the (m, n) mode;    v F  =    φ c   (   x F  ,  y F   )     φ  m n    (   x F  ,  y F   )      is the ratio of adjacent mode shapes at the location of the disturbance;    υ a    and    υ s    are the ratios of adjacent modal strains at the actuator and sensor positions, respectively; and    υ a  =    ϕ c   (   x a  ,  y a  ,  Δ x  ,  Δ y   )     ϕ  m n    (   x a  ,  y a  ,  Δ x  ,  Δ y   )     ;    υ s  =    ϕ c   (   x s  ,  y s  ,  Δ x  ,  Δ y   )     ϕ  m n    (   x s  ,  y s  ,  Δ x  ,  Δ y   )     .



In Equation (15), the value of  γ  is determined by the ratio of adjacent modal strains, the ratio of adjacent mode shapes, and the gap ratio of adjacent natural frequencies. When the ratios    v F   ,    υ a   , and    υ s    are large enough, the value of  γ  is greater than one. Thus, the total closed-loop energy in Equation (12) is greatly enlarged and AVC fails. Therefore, the    (  m , n  )    mode is denoted as an uncontrollable mode. Conversely, when    v F   ,    υ a   , and    υ s    are less than one, the    (  m , n  )    mode is denoted as a controllable mode for AVC. In addition, when    v ω    is large enough,  γ  is less than one. In this condition, the    (  m , n  )    mode is denoted as a controllable mode. Hence, the value of  γ  can be used as a criterion in advance to distinguish the controllable and uncontrollable modes in AVC.





4. Simulation and Analysis


In this section, numerical simulation of a smart plate is performed using COMSOL. The finite-element model for the smart plate with parameters listed in Table 1 and Table 2 is shown in Figure 6.



The external disturbance for the plate is placed at (0.33 m, 0.17 m) to excite as many modes as possible. Based on the maximum strain criteria [29], the PZT actuator and sensor are placed at (0.37 m, 0.50 m) and (0.13 m, 0.04 m), respectively. Thus, the controllability and observability are ensured.



Making use of COMSOL yields the mode shapes of the smart plate. Based on theoretical analyses, several natural frequencies below 200 Hz are selected as the disturbance frequencies for AVC. The uncontrolled and controlled vibration responses at different natural frequency orders are shown in Table 3. Their corresponding values of  γ  calculated by Equation (15) are also shown in Table 3. The magenta triangle, the blue circle, and the cyan square represent the positions of the actuator, the disturbance, and the sensor, respectively. For comparison purposes, the range of the color bars in Table 3 has been set to the same. The darkest blue marks the same lowest value of the acceleration level, and the darkest red represents the same highest value of the acceleration level. The acceleration level is calculated by:


   L a  = 20 lg    ω 2   | ξ |     a  r e f      



(16)




in which    | ξ |    is the amplitude of the displacement of the plate and    a  r e f     is the reference acceleration.



In Table 3, in the (2,3), (3,3), (3,4), and (3,6) modes, the values of  γ  are greater one, and their corresponding vibration responses are aggravated. These modes are uncontrollable modes, as mentioned above. Conversely, the residual modes listed in Table 3 are controllable. Among the residual modes, the vibration attenuations in the (1,4) and (2,4) modes are relatively small. The reason is that there are close relative modes near the concerned modes. They are difficult to distinguish in practical engineering. In general, only one of the close relative modes is dominant in the structural vibration response. Through AVC, the other close relative mode still contributes a great deal to the structural vibration response. Overall, the AVC effect and  γ  in the (1,4) and (2,4) modes are positive to verify the proposed criterion. With the results shown in Table 3, the controllable and uncontrollable modes can be effectively pre-estimated using the proposed criterion.



For the uncontrollable modes mentioned above, the main factors of  γ  related with the location of PZT are listed in Table 4. As shown in Table 4, both    υ a    and    υ s    are greater than one. Therefore, the controlled vibration is aggravated because the adjacent mode dominates the actuating and sensing performance of PZT.



From the simulation results, AVC is achieved when the controlled mode plays a dominant role in the performance of PZT. Thus, a series of controllable modes for AVC can be pre-specified according to the modal shapes of the controlled structure. In this way, the active vibration attenuation is ensured as much as possible. These results make contributions to promote the application of AVC with PZT actuators and sensors. In the following experiments, the pair of uncontrollable and controlled modes in Table 3 are randomly selected to further verify the theoretical results.




5. Experimental Verification


5.1. Experiment Setup


An AVC experiment is conducted on a smart plate to further verify the validity of the theoretical analysis. The smart plate is hung using elastic ropes to ensure nearly free boundaries. The experimental setup is shown in Figure 7. The setup includes the controller (HM-cSPACE 28335), the voltage and charge amplifier (self-made electronic board), the actuator (PZT), and the sensor (PZT). Before the AVC is started, an external disturbance is generated by the exciter (JZ-5A), which is determined by the signal generator (Tektronix 3390) through the power amplifier (Crown CT-8150). During AVC, the cSPACE system is used to implement the FxLMS algorithm. The PZT sensor is connected to the A/D ports of the cSPACE device through the charge amplifier. The sensing signal is transmitted to the input of FxLMS. The output of FxLMS is transmitted to the PZT actuator through the voltage amplifier. Consequently, AVC is achieved.



The photographs of the experimental setup are shown in Figure 8a. To measure the overall vibration response of the plate, a lightweight accelerometer is placed at 60 observation points, shown in Figure 8b, in turn. In particular, the acceleration at the center of the PZT sensor is concerned with verifying the AVC effect.



Based on the simulations above, two natural modes, namely the (3,3) and (1,4) modes, are selected to implement AVC. It should be noted that these modes in the experiment are slightly different from those in the simulations due to the influence of polarization conditions, stress/strain rates, temperatures, the additional stiffness of the exciter, etc. [30].



In order to evaluate the AVC effect, the voltage level of the PZT sensor is defined as:


   L u  = 20 lg  | e |  ,  



(17)




in which    | e |    is the amplitude of the sensing signal. Considering Equation (16), the ratio in Equation (15) is calculated by:


  γ =     ∑  i = 1   60      10   0.1  L   a i  , c           ∑  i = 1   60      10   0.1  L   a  i , o           .  



(18)







Here,    L   a i  , o     and    L   a i  , c     represent the open-loop and closed-loop vibration responses of the plate at the i-th observation point.




5.2. Uncontrollable Mode: AVC at (3,3) Modal Frequency


For the (3,3) uncontrollable mode, the measured acceleration and the sensing voltage at the same location in the AVC experiment are shown in Figure 9, where the blue and red curves represent the uncontrolled and controlled signals, respectively. When the AVC is turned on, the sensing voltage level of PZT quickly decays by 20 dB, whereas the vibration acceleration level is enlarged by 5 dB. The active vibration suppression at the position of the PZT sensor is not achieved.



In order to further evaluate the AVC effect, the global vibration response of the plate is measured and shown in Figure 10. It is clear that the controlled vibration at some non-control positions is greater than the uncontrolled vibration. In addition, the ratio of the closed-loop energy to the open-loop energy is calculated and shown in Equation (19). The controlled mode for AVC is verified to be uncontrollable because the ratio is greater than 1. Referring to Table 3, it can be found that the experimental results of the AVC effect in the (3,3) mode are consistent with the corresponding simulations. This validates the correctness of the theoretical results. As for the difference in Table 3 and Figure 10, it may be caused by the experimental inaccuracies in the boundary conditions of the plate or in the locations of PZT.


  γ =    ∑    10   0.1  L   a i  , c          ∑    10   0.1  L   a  i , o           =   71.3   39.8   = 1.8  



(19)








5.3. Controllable Mode: AVC at (1,4) Modal Frequency


The AVC results in the (1,4) mode are shown in Figure 11. When AVC is carried out, the voltage level captured by the PZT sensor is attenuated by 16 dB. Meanwhile, the acceleration level at the same location is reduced by 15 dB. Thus, the active vibration attenuation at the position of the PZT sensor is achieved.



Furthermore, the global vibration response of the plate is captured and shown in Figure 12. The ratio of the closed-loop energy to the open-loop energy is calculated and shown in Equation (20). The overall vibration response of the plate is obviously decreased because the ratio is smaller than 1. Therefore, the (1,4) mode is controllable for AVC using PZT actuators and sensors. Similarly, the results are consistent with corresponding simulation results.


  γ =    ∑    10   0.1  L   a i  , c          ∑    10   0.1  L   a  i , o           =   2.4   17.4   = 0.1  



(20)







The experimental results show that AVC is achieved when the specified controllable mode is excited, and fails in the predicated uncontrollable mode.





6. Conclusions


The controllable and uncontrollable modes for PZT actuators and sensors in AVC are discussed in this paper. A criterion is proposed to reveal the main causes of the uncontrollable mode and specify the controllable modes before AVC. On the premise of ensuring stability, several simulations and experiments of AVC are carried out to validate the proposed criterion. It is proved that a satisfactory AVC effect can be achieved on the plate at the controllable modes specified by the proposed criterion. Furthermore, the controllable mode is mainly determined by both the controlled mode and its adjacent mode.



In this paper, the effectiveness of the proposed criterion for the controllable mode is verified in a single-input and single-output AVC system. Similarly, it will be applicable in multi-input and multi-output AVC systems. The proposed criterion will be effective to optimize actuator placements, so as to obtain as many controllable modes as possible. These will be carried out in the future investigations.
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Figure 1. Schematic diagram of the smart plate. 






Figure 1. Schematic diagram of the smart plate.
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Figure 2. Basic charge amplifier for the PZT sensor. 
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Figure 3. Schematic diagram of the AVC system. 
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Figure 4. Schematic diagram of a typical smart structure. 
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Figure 5. (a) Description of the sensing voltage of PZT and the acceleration in a controllable mode; (b) description of the sensing voltage of PZT and the acceleration in an uncontrolled mode. 
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Figure 6. Finite-element model for the smart plate. 
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Figure 7. Schematic block diagram for measurement and control. 
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Figure 8. (a) Description of the experimental set-up; (b) description of the distribution of measuring points. 
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Figure 9. Control effect in the (3,3) mode. (a) Description of the sensing voltage of PZT; (b) description of the monitoring acceleration. 
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Figure 10. Vibration response of the smart plate in the (3,3) mode. (a) Description of the uncontrolled acceleration level; (b) description of the controlled acceleration level. 
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Figure 11. Control effect in the (1,4) mode. (a) Description of the sensing voltage of PZT; (b) description of the monitoring acceleration. 
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Figure 12. Vibration response of the smart plate in the (1,4) mode. (a) Description of the uncontrolled acceleration level; (b) description of the controlled acceleration level. 
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Table 1. Geometrical and material properties of PZT.
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Thickness (m)

	
Piezoelectric Constant (pC/N)

	
Young’s Modulus (GPa)

	
Density (kg/m3)

	
Poisson’s Ratio

	
Surface Area (m2)




	
d31

	
d32

	
d33






	
0.001

	
124

	
124

	
280

	
79

	
7500

	
0.3

	
0.04 × 0.04
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Table 2. Geometrical and material properties of the plate.
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	Thickness (m)
	Young’s Modulus (GPa)
	Density (kg/m3)
	Poisson’s Ratio
	Surface Area (m2)





	0.001
	216
	7800
	0.28
	0.5 × 0.6
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Table 3. Demonstration of  γ , uncontrolled and controlled vibrations at different modes.
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	Order
	   γ   
	Uncontrolled Vibration of the Plate
	Controlled Vibration of the Plate





	(2,2)
	7.2 × 10−4
	 [image: Applsci 11 05542 i001]
	 [image: Applsci 11 05542 i002]



	(1,3)
	3.4 × 10−4
	 [image: Applsci 11 05542 i003]
	 [image: Applsci 11 05542 i004]



	(3,1)
	1.3 × 10−7
	 [image: Applsci 11 05542 i005]
	 [image: Applsci 11 05542 i006]



	(2,3)
	2.6
	 [image: Applsci 11 05542 i007]
	 [image: Applsci 11 05542 i008]



	(3,2)
	2.9 × 10−5
	 [image: Applsci 11 05542 i009]
	 [image: Applsci 11 05542 i010]



	(1,4)
	4.0 × 10−7
	 [image: Applsci 11 05542 i011]
	 [image: Applsci 11 05542 i012]



	(3,3)
	1.1
	 [image: Applsci 11 05542 i013]
	 [image: Applsci 11 05542 i014]



	(4,1)
	1.3 × 10−7
	 [image: Applsci 11 05542 i015]
	 [image: Applsci 11 05542 i016]



	(4,2)
	9.7 × 10−4
	 [image: Applsci 11 05542 i017]
	 [image: Applsci 11 05542 i018]



	(3,4)
	1.4
	 [image: Applsci 11 05542 i019]
	 [image: Applsci 11 05542 i020]



	(2,4)
	7.6 × 10−3
	 [image: Applsci 11 05542 i021]
	 [image: Applsci 11 05542 i022]



	(4,4)
	1.9 × 10−3
	 [image: Applsci 11 05542 i023]
	 [image: Applsci 11 05542 i024]



	(5,2)
	1.9 × 10−5
	 [image: Applsci 11 05542 i025]
	 [image: Applsci 11 05542 i026]



	(3,6)
	1.3
	 [image: Applsci 11 05542 i027]
	 [image: Applsci 11 05542 i028]



	(5,4)
	4.5 × 10−4
	 [image: Applsci 11 05542 i029]
	 [image: Applsci 11 05542 i030]



	(6,1)
	4.8 × 10−8
	 [image: Applsci 11 05542 i031]
	 [image: Applsci 11 05542 i032]
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Table 4. Lists of  γ  and related modal strain ratios at the positions of the actuator and the sensor.






Table 4. Lists of  γ  and related modal strain ratios at the positions of the actuator and the sensor.





	Order
	   γ   
	     υ a     
	     υ s     





	(2,3)
	2.6
	4.8
	3.3



	(3,3)
	1.1
	1.8
	1.8



	(3,4)
	1.4
	3.7
	1.5



	(3,6)
	1.3
	5.9
	1.7
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