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Introduction
The aim of active vibration control is to reduce the vibration of a mechanical system by the automatic modification of the system’s structural response. Smart structures that use piezoelectric actuators to control the vibration of thin plate have been of considerable interest in recent years. This application is based on the possibility to control the mechanical behavior of structural systems using the converse piezoelectric effect of piezoelectric materials.

Piezoelectric materials, which are used to convert electrical energy to the mechanical one (the converse effect – mechanical strain arising under electric field) and vice-versa (the direct effect – electric field generation as a response to mechanical strains), can be a basis for both actuators and sensors. During the past few years, piezoelectric actuators and sensors have been extensively applied in noise and vibration control, which is particularly important in such fields as aerospace, civil, and mechanical engineering.

The use of smart materials and active control technologies for the vibratory load reduction was investigated by several researchers [1-4, 6-8]. 
The aim of this study was the behaviour of a rectangular composite plate with surface-bonded actuators under loading. The analysis shows that the optimum placement of actuators is determined by the form of torsional modes.
To incorporate the voltage effects into the model, a simple thermal analogy was used.

In the following sections it is shown that the use of piezoelectric actuators for decreasing the vibration of a plate is highly efficient. The most rational arrangements of piezoelectric actuators and the required values of electric voltage are determined.
1. Modeling Approach
ANSYS is a package for finite-element analysis widely used in industry to simulate the response of a physical system to structural loading and thermal and electromagnetic effects. The ANSYS employs the finite-element method to solve the underlying governing equations and the associated problem – specific boundary conditions.

The ANSYS mechanical finite-element program offers two- and three-dimensional piezoelectric coupled-field elements for modeling structures with piezoelectric actuators/sensors. The program involves static, modal, full harmonic and transient analyses. 

For decreasing the number of finite elements, we used a SHELL99 element, which is suitable for applications of a structural shell model.

To incorporate the voltage effects into the ANSYS model, a simple thermal analogy was used.

In this context, the piezoelectric coefficients characterizing the actuator are introduced as thermal expansion coefficients. The piezoelectric charge constant d31 divided by the PZT ceramic thickness tpzt is an equivalent coefficient of thermal expansion [5, 9]:  
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The voltage V is equivalent to the temperature difference
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2. Structural model 
A composite plate with one clamped edge was examined. Two piezoelectric actuators were bonded to the plate, which had the following geometrical parameters: length L = 4.0 m, width B = 0.2 m, and thickness t = 0.025 m (Fig. 1). 

The material properties of the HTA/6376C carbon fibre/epoxy material used in the researches are: 

Ex = 131 Gpa, Ey = Ez = 10.4 GPa, Gxy=Gxz =5.2 GPa, Gyz = 3.48 GPa, (xy = (xz = = 0.3, (yz = 0.5, and ( = 1800 kg/m3. The nominal ply thickness is 0.13 mm.
The dimensions of the PZT-4 piezoceramics were: length l = 0.4 m, width b = 0.1 m, and thickness tpzt = 0.001 m. 

The material properties of PZT-4 were: 

Ex = Ey = 78.6 GPa, Ez = 62.5 Gpa, Gxz = Gyz = 26 GPa, Gxy = 30 GPa, (yz = (xz = = 0.36, (xy = 0.29, and ( = 7500 kg/m3.

Here, E is Young’s modulus, G is the shear modulus, (  is Poisson’s ratio, and ( is the density.

The piezoelectric charge constant is d31 = –118.3·10-12 m/V. 
A multilayered SHELL99 element was used to describe the finite element construction, where the first layer represents a composite plate and the second – PZT actuators.
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Fig. 1. Composite plate with piezoelectric actuators.
The plane pressure load was q = q0(sin (( t), where q0 = 1 Pa. Such load was taken for analyzing the twisting vibration of the plate. The twisting moment was created by the plane pressure. The constant damping ratio was 0.05.
3. Numerical Results and Discussion
The behavior of composite plate with the top surface bonded to piezo​electric actuators is examined in detail. The plate parameters are studied by varying the location of the piezoelectric actuators. The plate is discretized using 10 equal coupling areas. The length of each piezoelectric actuator is the same as that of one area. 

For example, two pairs of piezoelectric actuators are bonded in position 3. 
3.1 Modal analysis 

Figure 2 shows the first three twist mode shapes. Figure 3 shows the first twist mode shape with cor​responding frequency f of 59.8 Hz, when piezoelectric actuators are bonded in position 3.
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Fig. 2. First twist mode shapes of composite plate with piezoelectric actuators.
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Fig. 3. Composite plate (schematic) and first twist mode shape.
3.2 Harmonic analysis
The actuators were activated in series with the electric field applied to every pair of piezoelectric actuators. The electric field may have in-phase or out-of-phase voltage acting on the actuators. As seen from Table 1, due to the thermal load (voltage) applied to the pair of piezoelectric actuators, the amplitude decreases.

Table 1. Optimal voltage, reduction, and amplitude for the first twist mode shape.
	Position 3
	f = 59.8 Hz

	Voltage V , Volt
	Amplitude A, m
	Reduction R, %

	0
	1.50E-05
	0.0

	200
	1.28E-05
	14.7

	400
	1.16E-05
	27.5

	800
	0.65E-05
	56.7

	1000
	0.47E-05
	68.7

	1200
	0.30E-05
	80.0

	1300
	0.23E-05
	84.7

	1400
	0.17E-05
	88.6

	1500
	0.24E-05
	84.3


The function of reduction R is given by formula
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where A is the amplitude of displacement with voltage V ≠ 0, and A0 is the amplitude of displacement with voltage V = 0. 
For position 3 (first twist mode shape) one can see that at the voltage equal to 1400 volt the maximum reduction is 88.6% (Table 1, Fig. 4).
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Fig. 4. Optimal voltage and reduction for the position 3 of first twist mode shape.
Also, for each frequency of the twist mode shape and for each position, the maximum reduction and the optimal voltage were found. The optimal voltage, maximum reduction, and the maximum reduction/optimal voltage ratio for the first three twist mode shapes are shown in Tables 2–4.

Table 2. Maximum reduction for the first three mode shapes
	Position
	Maximum reduction Rmax, %

	
	Twist 1
	Twist 2
	Twist 3

	1
	85.7
	45.0
	81.0

	2
	99.3
	72.2
	90.5

	3
	88.6
	80.0
	90.0

	4
	97.5
	93.5
	93.6

	5
	66.1
	93.8
	93.0

	6
	96.3
	77.4
	95.3

	7
	93.3
	92.6
	94.8

	8
	92.6
	65.5
	75.7

	9
	90.0
	84.7
	91.7

	10
	91.0
	73.0
	87.0


Table 3. Optimal voltage for the first three twist mode shapes
	Position
	Optimal voltage Vopt, Volt

	
	Twist 1
	Twist 2
	Twist 3

	1
	-90
	-9
	-6

	2
	2100
	23
	5

	3
	1400
	28
	5

	4
	1000
	20
	18

	5
	800
	23
	-12

	6
	850
	45
	-6

	7
	700
	300
	-6

	8
	600
	-50
	-14

	9
	600
	-55
	12

	10
	650
	-30
	6


Table 4. Maximum reduction/Optimal voltage ratio for the first three twist mode shapes.
	Position
	Maximum reduction/Optimal voltage Rmax/Vopt, % / Volt

	
	Twist 1
	Twist 2
	Twist 3

	1
	-0.95
	-5.00
	-14.73

	2
	0.05
	3.21
	18.10

	3
	0.06
	2.86
	18.00

	4
	0.10
	4.68
	5.20

	5
	0.08
	4.17
	-7.75

	6
	0.11
	1.72
	-15.88

	7
	0.13
	0.31
	-15.80

	8
	0.15
	-1.31
	-5.61

	9
	0.15
	-1.54
	7.64

	10
	0.14
	-2.43
	15.82


As seen from Table 4, the optimal positions of actuators correspond to the maximum reduction/optimal voltage ratio for each of the twist mode shapes. From table 4, may see that the best position for the first twist mode shape is number 8 and 9. For the second twist mode shape is number 4 and 5. And for third twist mode shape is number 2 and 3.
Next, the influence of geometric dimensions on the control of plates is studied. Figure 5 shows schematic diagrams for the first three twist mode shapes. Table 5 show the optimal voltage decreases with the increasing number of bonded piezoelectric actuators for all three twists. A good result of the maximum reduction is also illustrated in Table 6 for each twist mode shape. The ratio Maximum reduction/Optimal voltage for previous study of geometric dimensions may found in Table 7 
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Fig. 5. Schematic diagrams of piezoelectric actuators displacement for each mode shape.
Table 5. Optimal voltage
	Dimension, %
	Optimal Voltage Vopt, Volt

	
	Twist 1
	Twist 2
	Twist 3

	10
	650
	23.0
	12.0

	20
	320
	9.0
	5.0

	30
	220
	5.9
	4.0

	40
	170
	4.6
	3.8

	50
	150
	3.9
	 

	60
	130
	3.5
	 


Table 6. Maximum reduction
	Dimension, %
	Maximum reduction Rmax, %

	
	Twist 1
	Twist 2
	Twist 3

	10
	91.0
	72.2
	93.0

	20
	93.5
	71.1
	95.0

	30
	91.9
	70.5
	93.0

	40
	90
	72.0
	91.5

	50
	93.2
	71.8
	 

	60
	91.4
	73.0
	 


Table 7. Maximum reduction/Optimal voltage ratio for the first three twist mode shapes.
	Dimension, %
	Maximum reduction/Optimal voltage Rmax/Vopt, % / Volt

	
	Twist 1
	Twist 2
	Twist 3

	10
	0.14
	3.14
	7.75

	20
	0.29
	7.90
	19.00

	30
	0.42
	11.95
	23.25

	40
	0.53
	15.65
	24.08

	50
	0.62
	18.41
	 

	60
	0.70
	20.86
	 


5. Conclusion
The reduction of vibration in composite plate under a variable harmonic pressure loading with surface-bonded piezoelectric actuators was studied numerically by using the commercially available ANSYS packages. The applied voltage was modeled by a thermal load attracting the thermal analogy. 
The results of the study allow for the following conclusions.

· It is found that the optimum placement of actuators is determined by the shape form of torsion modes.

· It is also found that the length of piezoelectric actuators affects the active control of plate, with a better control observed for longer actuators.
· The most rational arrangements of piezoelectric actuators and the required values of electric voltage are determined.
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Kovalovs A., Barkanov E., Gluhihs S. Vieglo kompozītmateriālu konstrukciju aktīvā kontrole.. Šajā darbā apskatīta plātņu vibrāciju slāpēšana, kas pakļauta mainīgai harmoniskai slodzei, izmantojot pjezoelektriskus aktuatorus. Pētījuma objekts ir taisnstūra veida kompozītmateriālu plāksne, uz kuras virsmas simetriski novietoti divi pjezoelektriskie aktuatori. Šī pētījuma objektu modelēja ar galīgo elementu metodes programmu ANSYS. Pielietojot temperatūras analoģiju, strāvas sprieguma lielums tiek aizstāts ar temperatūru. Darbā noteikts optimālais pjezoelektrisko aktuatoru izvietojums un tā ģeometrija uz plātnes un nepieciešamais strāvas sprieguma lielums, kas spēj slāpēt rezonējošās frekvences plātnē.

Kovalovs A., Barkanov E., Gluhihs S. Active vibration controle of lightweight composite structures. In this paper, we study application of piezoelectric actuators for reducing vibrations in a plate with piezoelectric actuators under variable harmonic pressure loading. The composite plate under study was rectangular, modeled in a cantilever configuration, with one pairs of surface-bonded piezoelectric actuators symmetrically fixed on the top surface of the plate. In the study, ANSYS software was used to construct a finite-element model of the plate with piezoelectric actuators. Thermal analogy was employed for modeling the applied voltage as a thermal load. The study resulted in finding the optimal voltages for decreasing the plate vibration and in obtaining the effective arrangement and size of piezoelectric actuators. 

Kовалев A., Барканов E., Глухих С. Вибрационный контроль легких копозитных структур с помощью пьезо актуаторов. В данной статье рассматривается уменьшение вибрации композитной пластины под действием распределенной гармонической нагрузки в пределах резонансных частот. Для этого используется пара пьезо актуаторов, которые установленные на поверхности пластины. Задача решалась методом конечных элементов с применением ANSYS. Пьезо электрические свойства актуаторов моделировались с помощью метода температурной аналогии. Показана зависимость степени гашения колебаний от расположения актуаторов. Установлена связь оптимального расположения актуаторов от формы колебания.
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