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Abstract. With the aim of attenuating structural vibrations, a shunted piezoelectric element bonded 
to a mechanical structure can be designed in such a way that a pure resistive circuit is obtained. 
Various circuit layouts for the shunt have been used, from the classical purely resistive and the RL 
topology (in series or parallel configuration, with large inductances simulated by using operational 
amplifiers) to the more recently proposed R(-C) topology (also in series or parallel configuration). 
Independently from the shunt topology, the design starts by taking into account that the 
piezoelectric element behaves like a capacitor plus a controlled voltage source. In this way, the 
effect of the negative shunt capacitance is to cancel the internal capacitance of the piezoelectric 
element. Then, the equivalent circuit is simplified and can be represented by a controlled voltage 
source and a resistor. From the mechanical point of view, this circuit provides a passive damping 
system, which is frequency-independent. Since negative capacitors are required, operational 
amplifier-based negative impedance converter (NIC) is needed. This paper is focused on the shunt 
circuits used in conjunction with negative capacitors. The NIC circuit is presented together with the 
basic equations that represent the system. The two possible configurations, in series, or, in parallel, 
are analyzed and their behavior and performance are compared. Finally, some experimental results 
are reported, indicating a more suitable design for passive damped applications of mechanical and 
mechatronic systems. 
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1. INTRODUCTION 
 

According to Johnson (1995), the main effect of damping in a given structure is the reduction of 
the vibration amplitudes, mainly in the neighborhood of the resonance frequencies. This 
characteristic implies the reduction of stresses and fatigue. In this sense, vibration suppression 
techniques allow the design of more accurate and robust products, safer buildings, comfortable 
vehicles, etc. 

Despite the large set of passive damping techniques, this work is within the context of vibration 
suppression by using shunted piezoelectrics. This approach takes advantage of the piezoelectric 
effect, which is defined by Clark et al (1998) as the property to produce an electrical charge when 
the material is mechanically stressed. This characteristic allows that a portion of the mechanical 
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energy associated with the vibration to be converted into electrical energy and then dissipated by 
the Joule effect through a shunt circuit. Figure 1 shows the shunt circuit development timeline. 

 

 

Figure 1. Shunt circuits development timeline. 

In this work, the case in which piezoelectric devices are associated with negative capacitor shunt 
circuits is studied, focusing on the series configuration. These circuits are composed of a 
piezoelectric element shunted to a resistor and a negative capacitor. Even though this type of 
electrical component does not exist, using operational amplifiers can simulate negative capacitors 
behavior. Similar design configuration is found in obtaining synthetic inductors. When compared 
with other techniques, the negative capacitor shunt circuit appears to be a flexible implementation 
since it is frequency-independent (Park and Baz, 2001). This makes possible the control of multiple 
vibration modes (Behrens et al, 2003). Table 1 compares two of the most recent techniques: 
resonant shunted and negative capacitor shunted piezoelectrics.  

Table 1. Two different synthetic shunted methods and their basic characteristics. 

 Resonant Shunted Piezoelectrics Negative Capacitor Shunted 
Piezoelectrics 

Shunt circuit 
components Resistor and synthetic inductor Resistor and negative capacitor 

Synthetic 
electrical 
component 

General Impedance Converter 
circuit (Riordan, 1967, Antoniou, 
1969, Schaumann and Valkenburg, 
2001) 

Negative Impedance Converter 
circuit (Park and Baz, 2001; 
Schaumann, 2001; Behrens et al , 
2003) 

Principle 

The dissipation mechanism yields 
an efficient damping when the 
resonance frequency of the 
electrical circuit is tuned to a target 
vibration frequency of the structure 
(Hagood and Flotow, 1991; Wu, 
1996; Viana, 2005) 

Cancels the PZT inherent 
capacitance by adding a negative 
capacitance to the system (Park and 
Baz, 2001; Behrens et al, 2003) 
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2. THE SHUNT CIRCUIT ANALYSIS 
 

The negative capacitor shunt circuit consists in three components: a resistor R, a capacitor CNEG 
and a piezoelectric device PZT (lead zirconate titanate). The PZT element is modeled as a 
controlled voltage source in series with a capacitor CPZT, as shown in several references (Lesieutre, 
1998; Steffen and Inman, 1999; Caruso, 2001; Behrens et al, 2003; Fleming, 2002). Figure 2 shows 
the electrical scheme for a negative capacitor shunted piezoelectric. 

 

 

Figure 2. Schematic of a negative capacitor shunt circuit. 

This shunt circuit simplifies the equivalent electrical circuit by canceling the imaginary part of 
the total impedance. This is achieved by adding a negative capacitor with the same capacitance of 
the PZT element. As a consequence, the whole circuit is reduced to a controlled source in series 
with a resistor (Park and Baz, 2001). 

By the proper analysis of the electrical circuit, it is possible to obtain ( )H ω , namely the 
frequency transfer function (FRF) that relates the voltage in the controlled voltage source (Vin) to 
the voltage in the resistor R (Vout). 

The electrical impedance of the circuit is given by the expression: 

 ( ) ( )TOTALZ R jXω ω= +  (1) 

 1 1( ) ( ) ( ) 
PZT NEGC C

PZT NEG
X X X

C C
ω ω ω

ω ω
= + = − −

⋅ ⋅
 (2) 

where: 
 

 f2  πω =  is the angular frequency; 
 ( )TOTALZ ω  is the electrical impedance of the circuit; 
 R  is the electrical resistance of the circuit; 
 ( )X ω  is the electrical reactance of the circuit; 
 ( )

PZTCX ω is the capacitive reactance associated with piezoelectric element; and 

 ( )
NEGCX ω is the capacitive reactance associated with negative capacitor; 

 
Replacing Eq. (2) in Eq.(1) and using Ohm’s law: 

 ( )

PZT NEG

RH
j jR

C C

ω

ω ω

=
⎡ ⎤⎛ ⎞⎛ ⎞− −+ ⋅⎢ ⎥⎜ ⎟⎜ ⎟⋅ ⋅⎝ ⎠ ⎝ ⎠⎣ ⎦

 (3) 
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Equation (3) makes clear that when   and PZTC NEGC   are the same, the FRF become a unity 

function. Thus, Eq. (3) becomes: 

 ( ) 1H ω =  (4) 

3. THE NEGATIVE IMPEDANCE CONVERTER 
 

In order to obtain the negative value of a capacitance, to build an operational amplifier-based 
circuit to act as a negative capacitor is required. This is possible by using Negative Impedance 
Converters (NICs) as described in Schaumann and Valkenburg (2001). These circuits can simulate 
the negative of all traditional elements (resistors, capacitors or inductors). Figure 3 shows the NIC 
electrical diagram. 

 

 

Figure 3. The Negative Impedance Converter. 

Consider the circuit shown in Figure 3. It has two resistors ( 1 and 2R R ), an operational amplifier 
and an impedance to be converted (represented by Z ). In order to analyze the circuit, without 
obscuring the issue with operational amplifiers non-idealities, all development is based on the ideal 
operational amplifiers assumption (Schaumann and Valkenburg 2001).  It is assumed that the gains 
of the operational amplifiers are ∞== 21 AA  and the voltages of the inverting and non-inverting 
inputs are the same (Vi = V+), so that: 

 1 1O iV V i R− = ⋅  (5) 

 2
2

O i i
R

V V−
=  (6) 

 1 2

2 1
     R i

R i
−

∴ =  (7) 

The equivalent impedance of the circuit and is given by: 

 
1

i
in

VZ
i

=  (8) 

Then, by using Ohm’s law in the impedance Z one obtains: 
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 2

1 2
in

1Z i ZZ
i R

R⋅ ⋅
= = −  (9) 

where: 
  is the input voltage of the NIC circuit, iV
  is the output voltage of operational amplifier, OV
 1 and 2R R are control resistors, 
 inZ  is the input impedance of NIC circuit, 
 Z  is the impedance to be converted, 
  is the current through control resistor 1i 1R , and 
  is the current through control resistor 2i 2R . 

 
Replacing the general impedance Z by a capacitive reactance, CX , represented by a physical 

capacitor C, the circuit reproduces a negative capacitance, , given by Eq. nicC (10) and Eq. (11): 

 1 1

2 2

1
in C

R RZ X
R R Cω

= − ⋅ = − ⋅
⋅

 (10) 

 2

1
     nicC

R
R C∴ = − ⋅  (11) 

For the case of negative capacitor simulation, it is required an in-parallel bias resistance BIASR . 
This resistor is placed in parallel with the capacitor to provide a path to the operational amplifier’s 
bias dc-current. 
 
4. EXPERIMENTAL VERIFICATION 

 
With the aim of verifying the performance of the negative capacitor, experiments simulating the 

negative capacitor shunt circuit in series configuration were performed. The electrical RC(-C) 
network was configured in this experiment by using the negative capacitor together with a resistor 

, a capacitor , and a sinusoidal signal generator (HP 33120 A). An oscilloscope (Tektronix 
THS 710) was used to perform the time-domain analysis of the circuit. The complete arrangement is 
shown in 

0R PZTC

Figure 4. 
 

  
(a) (b) 

Figure 4.  Experimental validation: (a) schematic diagram; (b) experimental setup. 
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The validation was performed in two sets of experiments. The first set is dedicated to the 

existence of non-idealities in the real circuit. It is done by varying the value of the simulated 
negative capacitor and supported by the equations of the circuit checking the non-ideal portion of 
the simulated impedance. The second set is devoted to the performance of the real circuit over a 
given frequency band, by varying the frequency of the sinusoidal signal, keeping the same circuit 
configurations. For both sets, the values given by 0 676.6R = Ω  and    100 BIASR K= Ω  were used 
and C represents the physical capacitor found in the NIC circuit (see Fig. 4a). 

Table 2 shows the experimental values used in the circuit shown in Figure 4 for the first set of 
experiments, which were performed keeping the operation frequency near 1Khz. The resistors R1 
and R2 obey to Eq.(11) and are not equal since the physical capacitance used are not equal to CPZT. 

Table 2. Experimental values for f, CPZT, C, R1 and R2 for the first set of experiments. 

Exp f [Hz] PZTC  [nF] C [nF] R1 [Ω] R2 [Ω] 
# 1 996.50 102.2 48.5 3849.1 8111 
# 2 999.73 149.9 151.2 8181 8111 
# 3 998.40 204.8 105.5 4178.2 8111 
# 4 997.80 251.8 48.5 1562.2 8111 
# 5 1000.00 309.8 105.5 2675 8111 

 
As an illustration, Figure 5 shows the waveforms obtained in Exp #1. It can be observed that, 

differently from what is described in Eq. (4), the waveforms are different in terms of amplitudes. It 
means that the equivalent impedance of the NIC is not only a negative capacitor. A different 
equivalent circuit for the experimental NIC is proposed in Figure 6, which shows the negative 
capacitor  in series with a parasite resistor . This resistor, however, does not give any 
improvement to the circuit, but it must be considered both in the analysis of the model of the circuit 
and in the calculation of the vibration shunt resistor.

nicC PARASITER

  From the electrical point of view, Figure 6 
suggests a model for the equivalent impedance of the NIC that has both the real and the imaginary 
parts of electrical impedance. 

 

(a) (b) 

Figure 5. Waveforms for Exp #1: (a) waveforms for Vin and Vout and (b) Vin - Vout. 
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Figure 6. Candidate configuration for the negative capacitor equivalent circuit. 

The experimental equivalent impedance of the NIC is as follows: 

 ( ) ( ) ( )NIC PARASITE NICZ R jXω ω ω= +  (12) 

From the electrical analysis of the circuit shown in Figure 6, it is possible to conclude that 
NICZ ,  and  can be calculated by: nicC PARASITER

 ( ) 1
NIC

PZT

Vin Vout
Z R

Vout j Cω
−

= ⋅ −
⋅ ⋅

 (13) 

 
( )

1
nic

NIC
C

imag Zω
=

⋅
 (14) 

( )PARASITE NICR real Z=  (15)  

Table 3 shows the results for  and  considering the circuit parameters given in nicC PARASITER
Table 2. It can be observed that the values for  and  are actually very close. However, 
differently from what is shown in Eq.

PZTC nicC
(10) and, consequently, in Eq. (11), there is always a parasite 

resistor  associated with  as illustrated in PARASITER nicC Figure 6 and Eq.(15) . In this study the 
values of  depend on the generated negative capacitance. This element usually represents 
the non-ideal characteristics of the circuit and is considered as an undesired element that does not 
appear in the ideal analysis presented above.  

PARASITER

Table 3. Experimental results for  and . nicC PARASITER

Exp f [Hz] PZTC  [nF] Cnic [nF] RPARASITE [Ω] R1 [Ω] R2 [Ω] 
# 1 996.50 102.2 -102.0256 -54.7793 3849.1 8111 
# 2 999.73 149.9 -148.4451 -12.5388 8181 8111 
# 3 998.40 204.8 -200.09 -15.6839 4178.2 8111 
# 4 997.80 251.8 -248.3430 -19.6479 1562.2 8111 
# 5 1000.00 309.8 -303.5846 -7.8142 2675 8111 

 
The second set of experiments intends to verify if the values of  and  vary with 

the frequency for a given set of values of R
nicC PARASITER

1, R2 and C. The values used in Exp #5 were considered 
for this purpose. Table 4 shows that the values vary with the frequencies. Ideal resistor and an ideal 
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capacitor are frequency-independent, but indeed, as non-ideal components, both  and 

 are frequency-dependent. 
nicC

PARASITER

Table 4.  and  for different values of frequency. nicC PARASITER

f [KHz] Cnic [nF] RPARASITE [Ω] 
1.0007 -311.4579 -10.3245 
1.9989 -322.0505 -4.2056 
2.9952 -321.3068 -6.2545 
3.9809 -321.3495 -2.1315 
5.0150 -323.0341 -6.8130 

 
5. CONCLUSIONS 
 

In this paper, an electric circuit analysis was developed to provide a more realistic equivalent 
model for the so-called negative capacitor. For this purpose, the circuit formulation was revisited 
and two sets of experiments were performed. At the end of the experiments, the analysis of the 
results shows that the operational amplifier-based negative capacitor is better characterized as a 
negative capacitor in series with a parasite resistor. 

The experiments also indicate that the negative capacitor values exhibit small fluctuations, 
depending on the frequency. The same is observed with respect to the parasite resistor values. 

For negative capacitor shunt circuit applications the above aspects should be considered. First, 
the parasite resistance of the circuit can disable the optimum shunt configuration; second, the real 
value of the negative capacitor can be different from the one obtained from Eq. (11), consequently a 
further electrical tuning of the circuit is necessary. 

Finally, the results obtained are encouraging in the sense that experimental data can lead to a 
realistic model for the circuit. As a consequent further research, the relation between  and 

 have to be investigated. 
nicC

PARASITER
Further applications are related to vibration and noise passive control of mechanical systems. In 

these applications it will be possible to evaluate non-idealities difficulties, including their influence 
on damping properties. 
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