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Abstract
Piezoelectric shunt damping (PSD) utilizes an electrically-shunted piezoelectric damper attached
on a panel structure to suppress the transmission of acoustic noise. The paper develops an
understanding on the effects of equivalent series resistance (ESR) of the piezoelectric damper in
a PSD system on noise mitigation performance, and demonstrates that an increased ESR leads to
a significant rise in the noise transmissibility due to reduction in the system’s mechanical
damping. It is further demonstrated with experimental results that ESR effects can be
compensated in the shunt circuit to significantly improve the noise mitigation performance. A
theoretical electrical equivalent model of the PSD incorporating the ESR is established for
quantitative analysis of ESR effects on noise mitigation.

Keywords: piezoelectric shunt damping, noise mitigation, equivalent series resistance, ESR,
noise transmissibility
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1. Introduction

Noise pollution is a serious problem directly impacting the
quality of life in many highly urbanized cities. Scientific
studies have suggested that many psychological stresses,
chronic hearing losses and cardiovascular illnesses among the
city-dwellers can be linked to excessive exposure to envir-
onmental noise [1, 2]. To create a more livable city, inno-
vations on noise control technologies, such as active noise
cancellation systems [3, 4] and sound absorbing structures
[5, 6], have undergone substantial advancement since the last
decade.

One of the important noise control technologies utilizing
the concept of piezoelectric shunt damping (PSD) has
demonstrated to be viable for mitigating noise over a broad
acoustic bandwidth [7–14]. This technology makes use of a
piezoelectric sheet attached onto a panel to convert acoustic-
induced oscillations into electrical energy, and then dissipate

it with a shunt circuit. In the process of energy transduction
and dissipation, the piezoelectric sheet (or the damper ele-
ment) effectively exerts mechanical damping on the panel,
thereby, preventing the propagation of noise through the
structure.

It has been reported that the mechanical stiffness and
damping of the PSD structure are substantially influenced by
the piezoelectric dielectric capacitance and shunt impedance
[15–17]. However, the effects of equivalent series resistance
(ESR) [18–20] of the piezoelectric damper in PSD have not
been investigated for noise mitigation performance in the
literature. The ESR, which represents the intrinsic loss within
the damper element, can be partially ascribed to the dielectric
loss (also known as the tangent loss) contributed by relaxation
of the polarizations of the dielectric materials, and to the
ohmic resistance loss.

This paper elucidates with actual demonstration on ESR
effects in a PSD system, with a negative capacitor converter
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(NCC) shunt [21–25], for noise mitigation applications. The
paper further proposes and demonstrates that the effects of the
ESR can be largely compensated in the shunt circuit to sig-
nificantly improve the noise mitigation performance. An
electrical equivalent model of the PSD system incorporating
the ESR is established for quantitatively analyzing the
observed results.

2. Experiments

2.1. Experimental setup

Here, in this paper, the effects of the ESR on a conventional
PSD system was investigated in the experimental setup, as
illustrated in figure 1(a). The PSD panel was implemented on
an electrically-poled lead zirconate titanate (PZT) thin sheet
attached onto a glass panel, and further coupled to the NCC
shunt circuit. A speaker was used to project sinusoidal sound
waves of sound pressure level, LP, at one side of the panel,
while a miniaturized microphone was used to detect the
transmitted sound at the opposite side. Additionally, a laser
scanning vibrometer was positioned on the same side as the
microphone to simultaneously monitor the acoustic-induced
oscillation of the panel, including the resonance profiles,
displacements and velocities.

To emulate the effects of the dielectric ESR, a variable
resistor, RP, was introduced in parallel with the PZT thin sheet
of dielectric capacitance, CO (763 nF). The effective electrical
impedance comprising the resistor and dielectric capacitor in
parallel was also equivalent to a pair of serially connected
resistor and capacitor, as illustrated in figure 1(b) in accor-
dance with the impedance conversion equations as indicated.
The effective series resistance, RS, served to emulate the ESR
within the piezoelectric damper element. Within the emulated
range of RS between 2 and 8Ω at the resonant frequency
(905 Hz) as tabulated, the equivalent series capacitance, CS,
remained relatively unchanged from the original dielectric
capacitance, CO. The emulated range of RS values is deter-
mined based on the typical dissipation factor and capacitance
at the specified resonant frequency for our PZT sheets.

To compensate the effects of the ESR, the NCC shunt
circuit was modified to include an additional resistor RM

placed in parallel with the reference capacitor, CM, as illu-
strated in figure 1(d), whereby RM and CM were matched to
RP and CO respectively. Hence, the shunt impedance as pro-
vided by the modified NCC circuit was equal but negative to
the combined effective impedance of the emulated ESR and
dielectric capacitance. By canceling the ESR on top of the
dielectric capacitance with the shunt circuit, an improved
noise mitigation performance by the PSD panel was expected.

3. Results

3.1. Effects of the ESR on noise transmission

The transmitted noise across the conventional NCC-shunted
PSD panel without ESR cancellation were acquired with the
microphone under different effective RS values emulating the
ESR. The results as observed in figure 2(a) indicated that the
transmitted noise at the system’s resonance (905 Hz)
increased significantly with higher effective RS. The noise
transmissibility, as computed from the ratio of the measured
amplitude of the transmitted noise to that of the input sound
directly from the speaker, was further found to decline line-
arly with the reciprocal of the effective RS, as exhibited in
figure 2(b).

3.2. Compensating the ESR effects with improved shunt
cancellation

The improved shunt circuit of figure 1(d) with ESR cancel-
lation was used in place of the above conventional NCC
shunt. The results as exhibited in figure 3 indicated that the
transmitted noise was reduced substantially to the extent that
it almost reverted to the original level where RS was effec-
tively zero. The results thus suggested that the effects of the
ESR had been largely compensated with the improved shunt
cancellation.

3.3. ESR effects on the structural properties

The structural resonance profiles of the NCC-shunted PSD
panel under different effective RS values were characterized
with the laser scanning vibrometer, with examples of the
results exhibited in figure 4(a). It was observed that, without
ESR cancellation in the shunt, the structural resonance
became substantially stronger with higher effective RS.
However, the resonance could be almost completely sup-
pressed with ESR cancellation in the improved shunt circuit.
The effective mechanical impedance, |ZM|, and damping
coefficient, DM, were further derived using equations (1) and
(2) respectively.

Z
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P

u u
= =∣ ∣ ( )

where F is the applied force, υ is the measured velocities, LP
(=5.04 Pa) is the measured sound pressure and A
(=0.00 636 m2) is the area of the speaker’s diaphragm.
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where QM is the quality factor of the resonance, m (=104 g) is
the mass of the panel, K is the spring constant and χ is the
measured displacement.

As exhibited in figure 4(b), without ESR cancellation in
the shunt, both DM and |ZM| assumed an inversely linear
relationship with the effective RS values. This suggested that
the ESR can reduce the system’s mechanical damping and
resilience to acoustic-induced oscillation, thereby resulting in
higher noise transmissibility through the structure.
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4. Discussions and analysis

It has been proposed in the prior literature that a PSD system
resembles one of a spring-mass-damper [26–28], as illustrated
in figure 5(a). Based on the principle of mechanical–electrical
system analogy, the spring-mass-damper system can be fur-
ther modeled after an electrical equivalent circuit as illustrated

in figure 5(b) [26–28]. Here, a modified electrical equivalent
circuit is introduced with the inclusion of the ESR, as
represented by Rs, to establish the theoretical basis for the
analysis of ESR effects on the noise mitigation performance.

The electrical equivalent circuit comprises the impedance
components as follows: Z1 describes the structural resonance
with L1, R1 and C1 representing the mass (M1), damping (D1)

Figure 1. (a) Experimental setup for characterizing the noise transmissibility and structural properties of a NCC-shunted PSD panel (PZT’s
dimension (mm): 72×72×0.13, and glass panel’s dimension (mm): 120×120×2.0). Both the speaker and microphone were positioned
10 mm from the panel. (b) Emulating the ESR using a resistor in parallel with the PZT damper based on the impedance conversion equations,
with the emulated ESR values at the resonant frequency (905 Hz) as tabulated. (c) Conventional NCC shunt circuit coupled with the PZT
damper comprises a reference capacitor matched to cancel against the dielectric capacitance. (d) Improved shunt circuit comprises an
additional reference resistor matched to cancel against the ESR.
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and compliance (reciprocal of the spring constant, K1)
respectively; Z2 represents the impedance of the piezoelectric
damper element which largely comprises the dielectric
capacitance (CO) and the ESR (RS), the two parameters
behaving as a spring constant (KO) and a mechanical damper
(DS) respectively; Z3 comprises the shunt impedance which,
in the form of an NCC, provides a negative shunt capacitance
(−CSH) effectively acting as a negative spring constant
(−KSH). With ESR cancellation in the improved shunt circuit,
a negative resistance (−RSH) effectively behaving as a
negative mechanical damper (−DSH) is included in the model.

The total electrical impedance of the equivalent circuit, |
ZE|, can be expressed in equation (3), to be analogous to the
system’s mechanical impedance, |ZM|. Correspondingly, the
real-part of the electrical impedance, Re[ZE], is analogous to
the mechanical damping coefficient, DM.

Z
V

I
Z

Z Z

Z Z
, 3E 1

2 3

2 3
= = +

+
∣ ∣ ( )

where Z Z ,E M∣ ∣ ∣ ∣ and Z DRe .E M[ ]

Figure 2. (a) Transmitted noise through the conventional NCC-
shunted PSD panel (without ESR cancellation) increased signifi-
cantly with higher emulated ESR values, RS. (b) Noise transmissi-
bility across the conventional NCC-shunted PSD panel declines
almost linearly with the reciprocal of the emulated ESR values,
1/RS.

Figure 3 Transmitted noise through the PSD panel coupled to the
improved NCC shunt circuit with ESR cancellation almost reduced
to the original level without the emulated ESR.

Figure 4. (a) Resonance profiles of the PSD panel without ESR
cancellation in the shunt increased with higher effective RS values,
but were almost completely suppressed using the improved shunt
circuit with ESR cancellation. (b) Both damping coefficient and
mechanical impedance are inversely linear with the ESR as emulated
by RS.
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Under the conventional NCC shunt matching without

ESR cancellation Zi.e. ,
C3
1

j O
= -

w( ) the total electrical

impedance can be expressed as equation (4a) at the structure’s
resonant frequency.
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where ωn is the resonant frequency.
Correspondingly, the real-part of the electrical impedance

is expressed as equation (4b):
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The above equations suggest that the real part of the electrical
impedance (and so is the system’s mechanical damping) is
inversely linear to the ESR. This is in line with the exper-
imental observation in figure 4(b) which demonstrated that
the structural damping coefficient, DM, exhibits a linear
relationship with 1/RS. As the system’s damping declines
with the ESR, its overall mechanical impedance is also
reduced and the structure becomes less resilient to acoustic-
induced oscillation, thus, facilitating the transmission of
noise.

However, with the improved shunt circuit including an
additional negative resistance, −RSH, for ESR cancellation,
the total electrical impedance at resonance can be expressed

as in equation (5).
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From equations (5a) and (5b), it can be observed that both the
real and imaginary terms of the electrical impedance theore-
tically tend towards infinity if the ESR is exactly matched to a
negative shunt resistance (i.e. RSH=RS). This suggests that
the system’s damping and mechanical impedance can be
maximized upon compensating ESR effects by resistance
cancellation in the shunt circuit, so as to optimize the noise
mitigation performance of PSD.

5. Conclusion

The paper develops an understanding on the effects of ESR of
the piezoelectric damper in a PSD system on noise mitigation
performance, and demonstrates that a higher ESR within the
piezoelectric damper element increases the noise transmission
through the PSD structure. The increase in the noise trans-
missibility is ascribed to reduction in the system’s effective
damping coefficient and mechanical impedance with ESR
increase, which lowers the PSD structure’s resilience to
acoustic-induced oscillation. It is further demonstrated with
experimental results that ESR effects can be compensated
with resistance cancellation in the shunt circuit to significantly
improve the noise mitigation performance. A theoretical
electrical equivalent model of the PSD incorporating the ESR
is established for quantitative analysis of ESR effects on noise
mitigation.
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