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Piezoelectric-based shunt dampers are developed in recent years 

because of simplicity in comparison with other methods. In these 

methods, a part of converted mechanical energy is stored in the 

internal electrostatic field of the piezoelectric and a minor portion is 

dissipated in the load resistor of damping circuits. In recent methods, 

the electrostatic field of piezoelectric elements is reduced (not 

eliminated) and a portion (not whole) of the stored energy is extracted 

and dissipated in the resistor. In this paper, using a new adaptive 

multi-switch network and RLC resonance concept, the electrostatic 

field of piezoelectric is eliminated (not reduced) and almost the 

whole converted energy (not a portion) is extracted and dissipated in 

the load resistor. Using the proposed network, self-tuning ability 

provides electrical resonance in the circuit for almost all excitation 

types in a wide frequency band and also any mass and stiffness of the 

structure. Most of the electronic damping techniques are presented 

just for harmonic excitations, but the proposed technique in the 

current work is suitable for both harmonic and random excitations. In 

mechanical structures with variable mass such as vehicles, airplanes 

and missiles, structure mass will be changed while motioning. For 

such systems, resonance frequencies will change by structure mass 

during operation. Recent RLC dampers are not self-tuning for 

different mechanical stiffness or mass, but, the proposed technique is 

completely adaptive with variable mechanical characteristics of the 

vibrating structure. Consequently, significant damping is obtainable 

in comparison with other electronic damping techniques. 
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Nomenclature 

    

piezoelectric macroscopic coefficient  αi beam length l 

piezoelectric Young’s modulus in x axis under constant  

electric field 

c11
E beam width  b 

piezoelectric permittivity in y axis under constant strain ε33
S modes number N 

piezoelectric strain constant d31 displacement  u(x,t) 

circuit ith switch  Si eigenmode functions Φi 

circuit ith capacitor Ci beam modal coordinates qi(t) 

circuit inductor L excitation function f(t) 

load resistor RL generalized mass for the ith mode Mi 

reactance of circuit capacitors XC generalized stiffness for the ith mode Ki 

reactance of circuit inductor XL damping for the ith mode ci 

equivalent circuit capacitance  C vibration period T 

frequency (rad/s) ω displacement damping Au 

frequency (Hz) f piezoelectric surface area  Ap 
circuit switches number  n piezoelectric thickness  tp 

controller parameter of switches in binary form SC distance from the centroid of piezoelectric to the 

neutral axis 

hp 

digital oscillator period T0 piezoelectric length lp 

frequency range of circuit operation (fmin, fmax) piezoelectric global voltage vp 

  piezoelectric outgoing current Iout 

  piezoelectric capacitance  Cp 

  piezoelectric resistance  Rp 

    

1. Introduction 

Smart materials with special electromechanical behavior are recently used for active vibration 

suppression, such as fluid damper [1] piezoelectric damper[2], shape memory alloy [3] and eddy 

current damper [4]. In active vibration control, smart materials play two different sensing and 

actuating roles. Smart sensors extract the vibration characteristics of the structure and smart 

actuators suppress vibration at suitable moments. In recent years, by using electronic circuits, 

many new practical and useful ideas for vibration suppression are developed which are known as 

electronic vibration dampers with competitive characteristics [5, 6]. However, using various 

electronic elements, microcontrollers programming, logical processing unit design, etc. increases 

methods complication, but the stability and robustness of electronic control methods are 

considerable.   

In a shunt vibration damper as an important category of vibration dampers, an electrical 

impedance is connected to the smart material. Shunt vibration controllers are developed in recent 

years because of competitive characteristics and remarkable damping than previous techniques. 

[7]. One of the most famous categories of shunt damping is piezoelectric shunt damping (PSD) 

[8]. The piezoelectric element is attached to a mechanical vibrating structure and produces an 

electric voltage with the same frequency of the vibration signal. Piezoelectric electrodes are 

connected to a shunt circuit to dissipate electric voltage. Indeed, the piezoelectric element 

extracts vibration energy of the structure, converts it to electrical energy and the shunt circuit 

dissipates the extracted energy. Therefore, the kinetic energy of the structure is decreased and 

vibration amplitude is controlled. The most simple shunt damper contains a single resistor which 

dissipates electrical energy and controls vibration. Advanced shunt dampers are more 

complicated and have more electronic elements, such as capacitors, inductors, etc. Using these 

elements besides modified electronic network, adaptive shunt dampers are obtainable [8].  
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In general, shunt damping techniques are classified into three categories of passive, active and 

semi-active approaches. This classification is based on energy requirements. Passive shunts 

mainly consist of several resistors and need no external energy to damp vibration. In active 

shunts, an external energy source is required to suppress vibration. In semi-active classes, the 

vibrating structure energy is used to control its own vibration. Shunt dampers are widely studied 

and developed in recent years by many researchers because of valuable advantages rather than 

traditional approaches. Earlier studies were developed by Wu [9], in which passive shunt 

dampers containing load resistors were considered. Tsai and Wang[10] and Morgan and Wang 

[11] introduced a combination of PSD vibration dampers with the Active Noise Control (ANC) 

method with modified characteristics. Date et al.[12] developed an active PSD method to control 

the elastic properties of the piezoelectric material in a wide frequency range, which was used by 

Kodama et al. [13] in order to noise control. Mokry´ et al. [14]. presented the theoretical analysis 

of the mentioned systems. New applications of active elasticity control to noise and vibration 

suppression were developed by many researchers [15-17]. In recent years, the PSD technique is 

strongly considered to noise and vibration control problems. [18-20]. 

Recent RLC shunt dampers using piezoelectric elements are designed mainly based on 

mechanical structure resonance frequencies. These circuits are designed to resonate in each 

mechanical natural frequency. If excitation frequency is equal to the resonance frequency, 

displacement signal is single-frequency and harmonic and mentioned circuits provide significant 

damping. But, when a multi-modal mechanical structure is excited by complex random forces, 

system displacement is composed of some harmonic signals with inherent mechanical natural 

frequencies of the system and RLC damper performance will be disturbed. Also, they are not 

adaptive and should be tuned in a new mechanical situation of the structure. In mechanical 

structures with variable mass such as vehicles, airplanes and missiles, structure mass will be 

changed while motioning. A considerable portion of ballistic missiles mass is because of the fuel 

and detachable parts. After missile launching, structure mass will be decreased gradually and 

terminates the target with minimum mass. For such a system, resonance frequencies will change 

by structure mass during operation. Recent RLC dampers are not self-tuning for different 

mechanical stiffness or mass of the structure during operation and don’t have acceptable 

performance. 

To cover weaknesses of earlier RLC shunt dampers, a new semi-active adaptive RLC shunt 

damper using piezoelectric materials is proposed in this paper. This circuit is designed as a multi-

modal vibration damper to control any type of vibration such as harmonic, random, etc. The 

proposed circuit consists of a series of switch-capacitor sets and also an inductor connected to a 

vibrating piezoelectric. Using the proposed network, self-tuning ability provides electrical 

resonance in the circuit for almost all excitation types in a wide frequency band and also any 

mass and stiffness of the structure. Therefore, electrical resonance occurs in any operational 

situation and almost the whole converted energy by piezoelectric element is extracted from the 

piezoelectric electrostatic field and is dissipated in the resistor. Consequently, significant 

damping is obtainable in comparison with other PSD techniques. In the following, the proposed 

method is modelled and numerical results show good performance in vibration control. 
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2. Electro-mechanical modeling  

The proposed damping method consists of piezoelectric patches mounted on a vibrating 

mechanical structure in which their electrodes have been connected to a multi-switch circuit with 

an equivalent adaptive capacitor, an inductor and a load resistor. The simplified schematic model 

of the proposed system is shown in Fig. 1 that consists of separated mechanical and electrical 

parts with coupled governing equations. The considered mechanical structure is a cantilever 

beam with lateral motion and an external excitation at the free end. The differential equation for 

lateral motion of the beam with electrical shunt damping and also the global voltage and 

outgoing current of the piezoelectric element attached to the cantilever beam are presented in 

Eqs. (1) and (2) (Guyomar et al) [21]. 

 

 

 

Fig. 1. Schematic of the multi-switch damping system. 
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In these equations Mi, Ki and ci are the generalized mass, stiffness and damping for the ith mode 

of the beam, respectively. Φi, f(t) and l are eigenmode functions, excitation function at the free 

end and the beam length.  

qi(t), Cp and αi are the modal coordinates, capacitance and macroscopic coefficient of the 

piezoelectric element respectively and N is the number of modes. Cp and αi are obtainable from 

the following equations[22]: 
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where c11
E
 is Young’s modulus in the x-axis direction of the piezoelectric layer under constant 

electric field and ε33
S
 is the permittivity of the piezoelectric layer in the y-axis direction (Fig. 1) 

under constant strain. d31 is the piezoelectric strain constant. Ap and tp are the surface area 

perpendicular to the y axis and the thickness of the piezoelectric layer, respectively. hp is the 

distance from the centroid of the piezoelectric layer to the neutral axis, lp is the piezoelectric 

layer length and b is the width of the beam.  

In piezoelectric materials, a considerable portion of converted energy will be stored on the 

internal capacitor of the piezoelectric patch and a minor portion will be dissipated in the load 

resistor. Considering Iout in Eq. (2), the second term is the stored portion of current on the 

piezoelectric internal capacitor. By extracting more from the stored portion, more energy will be 

dissipated and better damping is obtainable. In earlier methods, connecting different RLC 

networks to mounted piezoelectric, results in piezoelectric electrostatic field magnitude 

reduction, more energy extraction, more energy dissipation and more vibration damping, 

consequently. In the mentioned methods, the electrostatic field is reduced (not eliminated) and a 

bigger portion (not whole) of the stored energy is extracted. In this paper, using the proposed 

multi-switch network and RLC resonance concept, the electrical resonance condition is satisfied 

in a wide frequency range and electrostatic field is eliminated (not reduced) and the whole 

converted energy (not a portion) is extracted. Therefore, an effective and broadband shunt 

damping is obtainable.  

       

 

 

Fig. 2. Equivalent circuit of the electro-mechanical generator. 

The equivalent circuit of the electro-mechanical generator represented in Fig. 1 is shown in Fig. 

2, which is an AC source in parallel with the internal capacitor (Cp) and resistor (Rp) of the 

piezoelectric element (Kong et al.[23]. In this RLC circuit, if the reactance of the equal capacitor 

(equivalent of Cp, C1, C2, …, Cn) and the inductor (L) are equal in magnitude, electrical 

resonance occurs and results in a purely resistive impedance circuit. In this case, no electrical 

energy will be stored in the electrostatic field of the piezoelectric element (Hayt et al.,)[24] and 

the second term of Eq. (2) will be zero theoretically, which maximizes the extracted energy from 

piezoelectric and dissipated energy in the load resistor (RL) and resulted in damping 

consequently. 

The reactance of the capacitors (XC) and the inductor (XL) are as the following:  
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where C and L are the capacitance and inductance of the damping circuit. ω and f are the 

frequency in terms of rad/s and Hz, respectively. If XC and XL be equal in magnitude, the 

electrical resonance frequency will be (Hayt et al.[24]): 
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When the mechanical excitation frequency is equal to the electrical resonance frequency, the 

RLC circuit eliminates the reactance of the piezoelectric element (1/ω.CP). The mechanical 

excitation frequency is environmental and out of control, therefore the circuit resonance 

frequency should be adaptive with vibration frequency to resonate the circuit for any excitation 

in a wide frequency range. The proposed smart multi-switch capacitor network changes the 

capacitance of the circuit to satisfy Eq. (6) and keep the circuit in resonance condition for any 

vibration frequency.  

3. Multi-switch damping circuit modeling 

Considering the circuit shown in Fig. 2, by selecting suitable inductor and capacitor satisfying 

Eq. (6), resonance occurs and the whole converted energy can be extracted and dissipated in the 

load resistor. The magnitude of active elements of the proposed adaptive damping circuit must 

be changed proportionally to the frequency changes to satisfy Eq. (6) which results in resonance 

in all frequencies. The circuit of Fig. 2, is a multi-switch damping circuit with an adaptive 

capacitor to resonate in all frequencies, in which Si and Ci are the electronic switches and 

constant capacitors respectively. In this circuit, a number of capacitors and switches are in 

parallel with a constant inductor and the equivalent circuit of the generator. In order to satisfy 

Eq. (6), by opening and closing appropriate switches according to the frequency variations, 

resonance condition can be kept in the circuit, consequently, maximum energy can be extracted 

from the mechanical structure and maximum damping is obtainable.  

The number of switches (n) is very important in circuit design. Using a few switches results in 

low accuracy in circuit performance. On the other hand, by increasing the number of switches, 

circuit losses will be increased. Therefore, an optimum number of switches should be selected to 

keep high accuracy and low power losses simultaneously. Capacitors' magnitudes are arranged 

based on Eq. (7). Therefore, the switches have 2
n
 different states and with only n capacitors, 2

n
 

capacitors with different capacitances can be obtained.   
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The vibration frequency should be measured continuously from displacement signal analysis and 

after sensing any changes in the frequency, by considering constant elements of the circuit (Cp 

and L), Eq. (6) should be derived and necessary capacitance should be calculated. Then, by 

automatically closing and opening suitable switches (using a microcontroller), the desired 

capacitance can be provided in the circuit. The measurement and calculation stages are shown 

schematically in Fig. 3.  
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As shown in this figure, the displacement signal of the vibrating piezoelectric is the input of the 

frequency measurement stage. Then, the measured vibration period (T) goes into the calculation 

block to calculate the necessary capacitance. The calculation result is in binary form (SC) with n 

bits (n is the number of switches) that controls the circuit switches. Each bit of SC goes to a 

single switch to close or open it and the total capacitance of the harvesting circuit is C= SC.C1. 

Substituting f by 1/T and C by SC.C1 in Eq. (6), results in SC formula as the following: 
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The frequency range of the proposed harvesting circuit depends on CP, L, C1 and n and the 

boundary frequencies are as the following: 
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The final multi-switch damping circuit with its logical calculation part has been shown in detail 
in Fig. 4.  

 

 

 

 

 

Fig. 3. Schematic of the logical calculations in the adaptive multi-switch technique.  

 

 

Fig. 4. Final circuit of adaptive multi-switch damping technique with logical calculation blocks. 
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One of the most important parts of the circuit is the frequency measurement block which 

calculates precisely and continuously the vibration frequency. The displacement signal u(t) of 

vibrating piezoelectric enters the du/dt block, then enters the zero crossing detector (ZCD) and 

the output is a digital square signal [25]. This square signal is the activator of Register1 which is 

sensitive to the rising edge of the signal and also resets the Count up block by its rising edge. The 

Count up block is an increment type counter and its clock port is connected to a digital oscillator 

with period T0 (10
-5

 s) which is too much smaller than the mechanical vibration period. The 

Count up block counts the relative period of the square signal to the oscillator signal and the 

result goes into Resister 1. Multiplying the relative period to T0 in G1 results in the vibration 

period with ±T0 tolerance. The next step is the SC calculation based on Eq. (8). The squared 

measured period (T
2
) is multiplied to 1/4π

2
L in G2. Then, CP is subtracted using Constant block 

and the result is divided into C1 in G3. Then, the calculated SC goes into the saturation block. The 

harvesting circuit has been designed to work in the frequency range between fmin and fmax (Eq. 

(9)). Thus, in order to have better performance in the frequencies lower than fmin and upper than 

fmax, SC should be saturated in the domain of [0, 2
n
-1] using a saturation block. Finally, the 

obtained binary number of SC on Register 2 should wait until the circuit voltage becomes zero 

and then, goes to the switches to update their condition. 

4. Damping strategy for non-harmonic vibrations 

For harmonic excitations (especially with resonance frequencies) in a vibrating structure, system 
displacement is harmonic and single frequency. But, when the excitation is random or a 
combination of some modulated signals, system displacement is a combination of harmonic 
signals with mechanical resonance frequencies of the structure[26]. In this case, the zero crossing 
detector block of the circuit detects a square signal with the main frequency of the response 
which has the biggest amplitude and power in the system response and this frequency is the base 
of calculations in the logical part of the circuit. A random signal with the corresponding square 
signal which is detected by ZCD block is shown in Fig. 5. The detected square signal by ZCD 
block.  

 

Fig. 5. Detected square signal by ZCD block for a random signal. 
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Fig. 6. FFT plot for the random signal shown in Fig. 5. 

 

The corresponding FFT (Fast Fourier Transform) plot of the mentioned random signal is shown 

in Fig. 6. As shown in these figures, ZCD block detects the main and most powerful frequency 

with the most amplitude in FFT transform as the base of SC calculation to have the best damping.      

5. Damping evaluation 

In order to study method performance, the following evaluation technique (Eqs. (10) and (11)) is 

described, in which controlled and uncontrolled vibrations are compared together. The used 

quantity is related to mechanical deflection. This quantity Iu, is a summation in the time variable 

for the considered modes and is the mean squared response of u(x, t), which is defined as 

(Mohammadi et al.)[27]: 
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 Eq. (10) is used once to calculate controlled Iu and another time to calculate uncontrolled Iu. At 

first, controlled u(x,t) is inserted in the equation and then, u(x,t) in an uncontrolled vibration 

situation is calculated and inserted in Eq. (10).  Using the results of this equation, The 

displacement damping Au is then evaluated as (Mohammadi et al.,[27]): 
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6. Numerical results  

The numerical model consists of an aluminum cantilever beam equipped with a piezoelectric 

layer on one side under an external excitation at the free end of the beam (Fig. 1). Piezoelectric 

electrodes are connected to the adaptive multi-switch damping circuit (Fig. 4). The logical block 

of the damping circuit detects vibration frequency in harmonic vibrations and the main frequency 

(most powerful frequency) in random vibrations. Then, based on the calculated frequency, the 

necessary capacitance to keep electrical resonance is calculated by the logical block which 

updates the condition of electronic switches. The model is simulated by MATLAB software and 

the motion equation is solved using the fourth-order Runge-Kutta algorithm. he mechanical, 

physical and electrical characteristics of the model are shown in Table 1. 

  Table 1. Characteristics of the model. 

Beam Material and Dimensions 

(mm) 
Aluminum, 180×90×2 

Piezoelectric Material and 

Dimensions (mm) 
PZT-4, 90×40×0.3 

Beam Young’s modulus (GPa) 70 [28](Beer et al.) 

d31 (m/V) 
122×10

-12
  (Plagianakos and Saravanos, 

2003)[29] 

c11
E 

(GPa) 
81.3 (Plagianakos and Saravanos, 

2003[29]) 

ε33
S
 (F/m) 

11505×10
-12

 (Plagianakos and 

Saravanos, 2003)[29] 

Cp (nF) 138 (calculated from Eq. (4)) 

C1 (nF) 80 

L (H) 0.4 

RL (kΩ) 50 

n 8 

fmin, fmax (Hz) 55, 680 (calculated from Eq. (9)) 

 

 

 Harmonic excitations with the frequencies corresponding to the first two natural modes of the 

equipped beam (78Hz, 495Hz) and also non-stationary random excitation with 1N amplitude are 

applied to the free end of the beam and the results are presented in the Figs. 7 to 10. In these 

figures, the proposed technique results are compared with standard passive technique, in which 

piezoelectric electrodes are directly connected to a load resistor.  
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Fig. 7. Free end deflection of the beam under harmonic excitation with the 1
st
 resonance frequency (78 Hz), not 

controlled  , Standard passive controlled  , Controlled by adaptive multi-switch technique . 

 

 

Fig. 8. Free end deflection of the beam under harmonic excitation with the 2
nd

 resonance frequency (495 Hz), not 

controlled  , Standard passive controlled  , Controlled by adaptive multi-switch technique . 

 



S. Mohammadi et al. /Journal of Theoretical and Applied Vibration and Acoustics 5(2) 177-190 (2019) 

188 

 

 

Fig. 9. Uncontrolled displacement of the free end of the beam under non-stationary random excitation. 

 

Fig. 10. Free end displacement of the beam under non-stationary random excitation, controlled by an adaptive multi-

switch damping circuit. 

 

Resulted damping calculated by Eqs. (10) and (11) for harmonic excitations with the 1
st
 and 2

nd
 

natural frequencies and also random excitation using the proposed technique are 2.65, 4.18 and 

2.3 times more than standard passive damping, respectively. 

7. Conclusion 

Piezoelectric shunt vibration dampers are interesting for researchers in comparison with 

traditional approaches. Recent shunt dampers are not self-tuning for different mechanical 

situations of the structure during operation, do not provide high damping and don’t have 

acceptable performance especially in high frequencies. In order to cover weaknesses of earlier 

shunt dampers, a new semi-active adaptive multi-switch RLC shunt damper using piezoelectric 

elements is proposed in this paper. This circuit is designed as a multi-modal vibration damper to 

control any type of vibration such as harmonic, random, etc. The proposed circuit consists of a 

series of switch-capacitor sets and also an inductor connected to a vibrating piezoelectric. Using 

the proposed network, self-tuning ability provides electrical resonance in the circuit for both 
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harmonic and random excitations in the design frequency range of the circuit and also any mass 

and stiffness of the structure. Therefore, electrical resonance occurs in any mechanical 

operational situation and almost the whole converted energy by piezoelectric element is extracted 

from the piezoelectric electrostatic field and is dissipated in the load resistor. In recent methods, 

the electrostatic field of piezoelectric elements is reduced (not eliminated) and a portion (not 

whole) of the stored energy is extracted and dissipated in the resistor. In this paper, using the 

proposed multi-switch network and RLC resonance concept, theoretically, the electrostatic field 

of piezoelectric is eliminated (not reduced) and almost the whole converted energy (not a 

portion) is extracted and dissipated in the load resistor, in the design frequency range of the 

circuit. The resulted damping using the proposed method for the 1
st
 mode, 2

nd
 mode and random 

excitation are 2.65, 4.18 and 2.3 times more than standard passive technique. Finally, the 

proposed adaptive multi-switch damping circuit provides significant damping in both low and 

high frequencies (in the design frequency range of the circuit) in any mechanical and operational 

situation of the system (mass variations, stiffness variations, excitation frequency changes, etc.) 

for almost all excitation types. 
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