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Abstract

Synchronized switch damping (SSD) is a structural vibration control technique in which a piezoelectric patch attached to or 

embedded into the structure is connected to or disconnected from the shunt circuit in order to dissipate the vibration energy 

of the host structure. The switching process is performed by a digital signal processor (DSP) which detects the displacement 

extrema and generates a command to operate the switch in synchronous with the structure motion.  Recently, autonomous 

SSD techniques have emerged in which the work of DSP is taken up by a low pass filter, thus making the whole system 

autonomous or self-powered. The control performance of the previous autonomous SSD techniques heavily relied on the 

electrical quality factor of the shunt circuit which limited their damping performance. Thus in order to reduce the influence 

of the electrical quality factor on the damping performance, a new autonomous SSD technique is proposed in this paper in 

which a negative capacitor is used along with the inductor in the shunt circuit. Only a negative capacitor could also be used 

instead of inductor but it caused saturation of negative capacitor in the absence of an inductor due to high current generated 

during the switching process. The presence of inductor in the shunt circuit of negative capacitor limits the amount of current 

supplied by the negative capacitance, thus improving the damping performance. In order to judge the control performance of 

proposed autonomous SSDNCI, a comparison is made between the autonomous SSDI, autonomous SSDNC and autonomous 

SSDNCI techniques for the control of an aluminum cantilever beam subjected to both single mode and multimode excitation. 

A value of negative capacitance slightly greater than the piezoelectric patch capacitance gave the optimum damping results. 

Experiment results confirmed the effectiveness of the proposed autonomous SSDNCI technique as compared to the previous 

techniques. Some limitations and drawbacks of the proposed technique are also discussed.
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1. Introduction

Structural vibration control is an important engineering 

phenomenon which has been effectively addressed over the 

last two decades by different researchers through the use of 

piezoelectric transducers which are bonded to or embedded 

into the structure. Through the direct piezoelectric effect, the 

vibration energy of the structure is converted into electrical 

energy which is dissipated through the network of electrical 

elements connected to the piezoelectric patch [1-3,32]. This 

network of electrical elements constitutes a shunt circuit 

which, in the simplest form, consists of a resistor. In this 

configuration the structural vibration is damped through 

the dissipation of mechanical energy into heat [4]. However 

this particular shunt is not very effective in controlling 

vibration. An improved version of this shunt is achieved by 

using an inductor in series with the resistor which constitute 

a resonant resistive-inductive (RL) shunt. The inductor L in 

the shunt circuit along with the piezoelectric capacitance 

Cp give rise to electrical resonance, which if properly tuned 

to the mechanical resonance of the target mode, results 

in increase in the dissipated energy and consequently 
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the damping performance [2,3,5-8]. Despite its robust 

damping performance, the resonant RL shunt is only 

effective for one particular resonant mode i.e. it has limited 

workable bandwidth range. If e.g. the resonant frequency 

of the vibrating structure changes due to environmental 

conditions or change of external loads, then the resonant 

electrical frequency gets detuned, thus severely affecting 

the damping performance of the RL resonant shunt. Also 

these systems are not suitable from practical point of view 

due to the requirement of massive inductors particularly 

for low frequency vibration attenuation. A comprehensive 

sensitivity analysis, addressing the detuning issues, related 

to the damping performance degradation of piezostructural 

(piezoelectric transducer attached to a structure) systems 

due to change of environmental conditions, has been 

performed by Park and Han [33].

To compensate for the loss of performance in the 

resonant shunts, Clark [9] proposed a state switch damping 

technique. This technique is based on the fact that the 

stiffness of the piezoelectric transducer is higher in the open 

circuit configuration than in the closed circuit configuration. 

During the vibration period when the system starts moving 

away from the equilibrium position its potential energy starts 

increasing and reaches the maximum value at the maximum 

displacement point. The piezoelectric transducer is kept 

in the open circuit configuration during this period. At the 

maximum displacement point, the piezoelectric transducer 

is short circuited, thus lowering its stiffness, which reduces 

the potential energy of the system. When the system starts 

moving towards the equilibrium position, the reduced 

potential energy is converted into kinetic energy. Thus the 

overall energy available for the next half cycle of the vibration 

period is always lower than the previous cycle. The whole 

process is repeated again until the vibration attenuation is 

achieved.

As an alternative to the state switch technique, Richard 

et al. [10] proposed a synchronized switch damping (SSD) 

technique called the synchronized switch damping on 

resistance (SSDS) in which the piezoelectric transducer is 

short circuited to a resistive shunt, allowing the piezoelectric 

voltage to become zero, when the displacement of the 

vibrating structure reached its extreme position. The time 

period for which the circuit remained closed is much 

shorter than that used in state switching technique. Despite 

showing high robustness, the SSDS did not perform better 

than the resistive-inductive RL shunting technique, thus 

a new technique was developed by including an inductor 

in the shunt circuit of the previous SSD technique. This 

technique became known as synchronized switch damping 

on inductance (SSDI) [11]. The presence of inductor in the 

shunt circuit increases the electric charge stored in the 

piezoelectric patch, thus offering higher force to oppose 

the motion. For low frequency vibration control, the value 

of inductor required in SSDI in much smaller than that of 

resonant shunt (which could be hundreds of Henrys), thus 

making SSDI suitable for practical applications [12]. Also 

SSDI has shown insensitivity towards resonant frequency 

changes in the mechanical structure to be damped and 

thus is more robust than the resonant shunt in the face of 

environmental conditions or change of external load.

The damping of structures is directly related to the 

amount of electric charge stored in the piezoelectric patch 

and consequently more piezoelectric voltage is available 

for dissipation in electric shunt. Thus in order to increase 

the stored electric charge and voltage in the piezoelectric 

patch, Lefeuvre et al. [13] added two voltage sources in series 

with the resistor and inductor in the shunt circuit of SSDI 

in what became known as synchronized switch damping 

on voltage sources (SSDV). However, SSDV is unstable as 

compared to the previous SSD techniques as the external 

power is injected into the system. Thus in order to avoid the 

use of external energy injection into the vibration system, Ji 

et al. [14], proposed to replace the inductor in SSDI with a 

negative capacitance in a technique known as synchronized 

switch damping on negative capacitance (SSDNC). During 

the switching action the negative capacitance in the shunt 

circuit increases artificially the electromechanical coupling 

factor [2,15,16] along with increased electric charge stored 

in the piezoelectric patch, thus leading to enhanced energy 

dissipation and damping performance as compared to SSDI 

[14]. However, the absence of inductor from the shunt circuit 

of SSDNC results in the generation of high current during the 

switching process which produces saturation of synthetic 

negative capacitor and limited damping performance [17]. 

Moreover, the use of negative capacitor, which is also an active 

element, can lead to stability issues [17]. A comprehensive 

discussion on stability of negative capacitance is presented 

by Mokrani et al. [17].

The switching process in the SSD techniques is usually 

performed by using a microcontroller (to generate a 

controlled pulse width) to drive the solid state switches. 

These solid state switches are MOSFETs (Metal–Oxide–

Semiconductor Field-Effect Transistors). Also the SSD 

techniques consume very less power which is required 

for electronic components (except SSDV), thus making 

them ideal candidate for autonomous shunts. The role 

of a microcontroller is taken up by a low pass filter in the 

autonomous shunts, thus making them ideal candidate for 

onboard applications [18]. Some examples of autonomous 

shunt can be found in Niederberger and Morari [18] who 
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used an autonomous shunt based on SSDI technique while 

Shen et al. [20] used an autonomous SSDV technique in 

which an additional vibrating structure was used to harvest 

energy for the voltage sources. A broadband vibration 

control using a self-powered SSDI technique was proposed 

by Lallart et al. [19] who focused on the adaptive switching 

process. Recently, Delpero et al. [21] improved the damping 

performance of self-powered SSDI technique in comparison 

to the technique proposed by Niederberger and Morari [18]. 

Both single and broadband excitations were discussed for 

the control of a cantilever aluminum beam. A more recent 

treatment of the Self-powered SSDI and Self-powered 

SSDNC techniques can be found in Chen et al. [30] and 

Jingjun et al. [31], respectively.

This paper proposes a new autonomous SSD technique by 

utilizing a negative capacitance in the shunt circuit of SSDI 

which is called autonomous synchronized switch damping 

on negative capacitance and inductance (SSDNCI). 

Although, Mokrani et al. [17] have already presented 

research work on SSD on inductor and negative capacitance 

comprehensively, however, this article is particularly 

focused on the autonomous implementation of their work. 

This technique consists of a shunt which is composed of two 

parallel branches connected to the piezoelectric transducer. 

One branch is composed of a negative capacitor, while the 

other branch consists of an inductor, a resistor and a switch. 

The main advantage of autonomous SSDNCI technique as 

compared to the previous autonomous SSD techniques is 

that in autonomous SSDNCI the piezoelectric patch is never 

held in isolation. This means that the negative capacitance 

remains connected to the piezoelectric patch in both the 

switching states i.e. open and close circuit configuration [27]. 

As the voltage inversion ratio γ directly influences the amount 

of piezoelectric patch voltage, therefore the resistance in the 

shunt circuit should be as small as possible [22]. However, 

due to intrinsic resistance of electric components in the 

shunt circuit of SSDI, it is difficult to increase the voltage 

inversion ratio beyond certain limit. Thus keeping this point 

in mind, the authors of this paper will show that the proposed 

autonomous SSDNCI technique will perform better as 

compared to the previous autonomous SSD techniques both 

for single mode and multimode vibration damping.

The rest of the paper is as follows: First a brief background 

is provided for the electromechanical modeling of a 

piezostructural system. Then the theoretical analysis in 

terms of damping performance of SSDI, SSDNC and SSDNCI 

techniques will be provided. Later, the implementation of 

the proposed autonomous SSDNCI shunt will be discussed. 

After that, experimental work related to the comparison of the 

damping performance of autonomous SSDNCI technique 

with autonomous SSDI technique and autonomous SSDNC 

technique will be reported for both single mode and 

multimode vibration control. In the end the paper will be 

closed by providing the conclusions.  

2.  Background of Synchronized Switch 
Damping Techniques

2.1 Modeling of Piezostructural System

The electromechanical behavior of a system containing 

a piezoelectric patch attached to a vibrating structure i.e. 

piezostructural system, can be represented by a spring-mass-

damper model as shown in Fig. 1. At harmonic excitation 

and resonance frequency condition, the piezostructure can 

be modeled as a second order model with single degree of 

freedom (SDOF) [23]. Assuming linear and elastic properties 

of the piezostructure, the differential Eq. (1) is obtained:
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Fig. 1. Schematic representation of the electromechanical model for piezoelectric shunt damping. 
PZT: piezoelectric patch. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.  Schematic representation of the electromechanical model for 
piezoelectric shunt damping. PZT: piezoelectric patch.
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structure i.e the excitation force F, therefore Eq. (1) can be 

written as,
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which represents the differential equation of motion of the 

electromechanical vibration system.

Multiplying both sides of Eq. (4) by velocity and integrating 

over the time variable gives us the following energy Eq. (5),
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2.3.   Damping Performance of SSDI 

The SSDI technique is schematically 

represented in Fig. 2 which consists of an 

electronic switch, a resistor  and an 

inductor , all connected in series. In this 

technique, the switch is closed at maximum 

displacement , which corresponds to the 

maximum voltage on the piezoelectric patch. 

This leads to the pseudo-periodic voltage 

oscillation, until the switch is open [24]. 

Thus the piezoelectric patch voltage   is 

amplified, time shifted and distorted as 

shown in Fig. 3. The switch is kept closed 

until the voltage  on the piezoelectric 

patch is reversed. This corresponds to the 

time , which is equal to half the pseudo-

period of the electric  circuit, and is as 

shown in Eq. (11): 

                                (11) 

The voltage and the displacement vary 

proportionally when the switch is open and 

no load is connected. The inversion of 

voltage is not perfect, as part of the energy 

stored on the piezoelectric patch capacitance 

is lost in the switching network consisting of 

electronic switch, resistor and inductor. 

These loses are modeled by an electrical 

quality factor  [23]. The relationship 

between  and the piezoelectric patch 

voltage, before and after the inversion 

process is given in Eq. (12), 
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where  and  are the piezoelectric patch 

voltages before and after the inversion 

process respectively and  is the voltage 

inversion ratio. The electrical quality factor 

 of the  circuit is given in Eq. (13): 

                             (13) 

The transferred energy can be expressed as 

the following integral function of voltage  

and displacement : 

                    (14) 
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the switch is closed at maximum displacement u, which 

corresponds to the maximum voltage on the piezoelectric 

patch. This leads to the pseudo-periodic voltage oscillation, 

until the switch is open [24]. Thus the piezoelectric patch 
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in Fig. 3. The switch is kept closed until the voltage Vp on the 

piezoelectric patch is reversed. This corresponds to the time 

ti, which is equal to half the pseudo-period of the electric 

LRCp circuit, and is as shown in Eq. (11):

9 
 

and closed circuit vibration amplitudes 

respectively. 

                                      (9) 

                      (10) 

 

2.3.   Damping Performance of SSDI 

The SSDI technique is schematically 

represented in Fig. 2 which consists of an 

electronic switch, a resistor  and an 

inductor , all connected in series. In this 

technique, the switch is closed at maximum 

displacement , which corresponds to the 

maximum voltage on the piezoelectric patch. 

This leads to the pseudo-periodic voltage 

oscillation, until the switch is open [24]. 

Thus the piezoelectric patch voltage   is 

amplified, time shifted and distorted as 

shown in Fig. 3. The switch is kept closed 

until the voltage  on the piezoelectric 

patch is reversed. This corresponds to the 

time , which is equal to half the pseudo-

period of the electric  circuit, and is as 

shown in Eq. (11): 

                                (11) 

The voltage and the displacement vary 

proportionally when the switch is open and 

no load is connected. The inversion of 

voltage is not perfect, as part of the energy 

stored on the piezoelectric patch capacitance 

is lost in the switching network consisting of 

electronic switch, resistor and inductor. 

These loses are modeled by an electrical 

quality factor  [23]. The relationship 

between  and the piezoelectric patch 

voltage, before and after the inversion 

process is given in Eq. (12), 

                            (12) 

where  and  are the piezoelectric patch 

voltages before and after the inversion 

process respectively and  is the voltage 

inversion ratio. The electrical quality factor 

 of the  circuit is given in Eq. (13): 

                             (13) 

The transferred energy can be expressed as 

the following integral function of voltage  

and displacement : 

                    (14) 

(11)

The voltage and the displacement vary proportionally 

when the switch is open and no load is connected. The 

inversion of voltage is not perfect, as part of the energy 

stored on the piezoelectric patch capacitance is lost in the 

switching network consisting of electronic switch, resistor 

and inductor. These loses are modeled by an electrical 

quality factor Qi [23]. The relationship between Qi and the 

piezoelectric patch voltage, before and after the inversion 

process is given in Eq. (12),

39 
 

 

 

 

 

 

 
Fig. 2. Schematic diagram of SSDI. PZT: piezoelectric patch. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.  Schematic diagram of SSDI. PZT: piezoelectric patch.

40 
 

 

 

 

 

 

Fig. 3. Piezoelectric patch voltage and the structural displacement. 
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.  Piezoelectric patch voltage and the structural displacement.

(501~517)16-081.indd   504 2017-01-02   오전 5:14:05



505

Ehtesham Mustafa Qureshi    An autonomous synchronized switch damping on inductance and negative capacitance for .....

http://ijass.org

9 
 

and closed circuit vibration amplitudes 

respectively. 

                                      (9) 

                      (10) 

 

2.3.   Damping Performance of SSDI 

The SSDI technique is schematically 

represented in Fig. 2 which consists of an 

electronic switch, a resistor  and an 

inductor , all connected in series. In this 

technique, the switch is closed at maximum 

displacement , which corresponds to the 

maximum voltage on the piezoelectric patch. 

This leads to the pseudo-periodic voltage 

oscillation, until the switch is open [24]. 

Thus the piezoelectric patch voltage   is 

amplified, time shifted and distorted as 

shown in Fig. 3. The switch is kept closed 

until the voltage  on the piezoelectric 

patch is reversed. This corresponds to the 

time , which is equal to half the pseudo-

period of the electric  circuit, and is as 

shown in Eq. (11): 

                                (11) 

The voltage and the displacement vary 

proportionally when the switch is open and 

no load is connected. The inversion of 

voltage is not perfect, as part of the energy 

stored on the piezoelectric patch capacitance 

is lost in the switching network consisting of 

electronic switch, resistor and inductor. 

These loses are modeled by an electrical 

quality factor  [23]. The relationship 

between  and the piezoelectric patch 

voltage, before and after the inversion 

process is given in Eq. (12), 

                            (12) 

where  and  are the piezoelectric patch 

voltages before and after the inversion 

process respectively and  is the voltage 

inversion ratio. The electrical quality factor 

 of the  circuit is given in Eq. (13): 

                             (13) 

The transferred energy can be expressed as 

the following integral function of voltage  

and displacement : 

                    (14) 

(12)

where VM and Vm are the piezoelectric patch voltages before 

and after the inversion process respectively and γ is the 

voltage inversion ratio. The electrical quality factor Qi of the 

LRCp circuit is given in Eq. (13):

9 
 

and closed circuit vibration amplitudes 

respectively. 

                                      (9) 

                      (10) 

 

2.3.   Damping Performance of SSDI 

The SSDI technique is schematically 

represented in Fig. 2 which consists of an 

electronic switch, a resistor  and an 

inductor , all connected in series. In this 

technique, the switch is closed at maximum 

displacement , which corresponds to the 

maximum voltage on the piezoelectric patch. 

This leads to the pseudo-periodic voltage 

oscillation, until the switch is open [24]. 

Thus the piezoelectric patch voltage   is 

amplified, time shifted and distorted as 

shown in Fig. 3. The switch is kept closed 

until the voltage  on the piezoelectric 

patch is reversed. This corresponds to the 

time , which is equal to half the pseudo-

period of the electric  circuit, and is as 

shown in Eq. (11): 

                                (11) 

The voltage and the displacement vary 

proportionally when the switch is open and 

no load is connected. The inversion of 

voltage is not perfect, as part of the energy 

stored on the piezoelectric patch capacitance 

is lost in the switching network consisting of 

electronic switch, resistor and inductor. 

These loses are modeled by an electrical 

quality factor  [23]. The relationship 

between  and the piezoelectric patch 

voltage, before and after the inversion 

process is given in Eq. (12), 

                            (12) 

where  and  are the piezoelectric patch 

voltages before and after the inversion 

process respectively and  is the voltage 

inversion ratio. The electrical quality factor 

 of the  circuit is given in Eq. (13): 

                             (13) 

The transferred energy can be expressed as 

the following integral function of voltage  

and displacement : 

                    (14) 

(13)

The transferred energy can be expressed as the following 

integral function of voltage Vp and displacement u:

9 
 

and closed circuit vibration amplitudes 

respectively. 

                                      (9) 

                      (10) 

 

2.3.   Damping Performance of SSDI 

The SSDI technique is schematically 

represented in Fig. 2 which consists of an 

electronic switch, a resistor  and an 

inductor , all connected in series. In this 

technique, the switch is closed at maximum 

displacement , which corresponds to the 

maximum voltage on the piezoelectric patch. 

This leads to the pseudo-periodic voltage 

oscillation, until the switch is open [24]. 

Thus the piezoelectric patch voltage   is 

amplified, time shifted and distorted as 

shown in Fig. 3. The switch is kept closed 

until the voltage  on the piezoelectric 

patch is reversed. This corresponds to the 

time , which is equal to half the pseudo-

period of the electric  circuit, and is as 

shown in Eq. (11): 

                                (11) 

The voltage and the displacement vary 

proportionally when the switch is open and 

no load is connected. The inversion of 

voltage is not perfect, as part of the energy 

stored on the piezoelectric patch capacitance 

is lost in the switching network consisting of 

electronic switch, resistor and inductor. 

These loses are modeled by an electrical 

quality factor  [23]. The relationship 

between  and the piezoelectric patch 

voltage, before and after the inversion 

process is given in Eq. (12), 

                            (12) 

where  and  are the piezoelectric patch 

voltages before and after the inversion 

process respectively and  is the voltage 

inversion ratio. The electrical quality factor 

 of the  circuit is given in Eq. (13): 

                             (13) 

The transferred energy can be expressed as 

the following integral function of voltage  

and displacement : 

                    (14) (14)

The transferred energy during the whole process can be 

represented by an energy cycle as shown in Fig. 4, under 

the condition that the structure motion is periodic. This 

energy cycle clearly represents two open circuit phases 

and two closed circuit or voltage inversion phases. In the 

open circuit, piezoelectric patch voltage is proportional to 

displacement with a factor α/Cp. However, in the voltage 

inversion phases, no displacement is observed as the 

inversion time is much smaller than the mechanical motion 

period. The surface circumscribed by this cycle represents 

the image of the transferred energy with a factor 1/α. The 

voltage and the displacement vary proportionally between 

two voltage inversion which lead to Eq. (15), where uM is the 

displacement amplitude. The transferred energy Et during 

the period is given by Eq. (16):
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expressed as a unique function of the 

displacement amplitude as shown in Eq. (17) 
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At the resonance frequency, still given by 

Eq. (8), the amplitude of displacement is 

given by Eq. (18) while the related SSDI 

damping is given by Eq. (19): 

�� � ��
��������� ���� ������ ����⁄ ��  (18) 

����� �

�� ���� ���
��������� ���� ������ ����⁄ ���    (19) 

From Eqs. (13), (17) and (19), it is clear that 

the electrical quality factor �� influences the 

electromechancial transferred energy and the 

damping effect. As discussed by Lefeuvre et 

al. [13], ��  decreases as the resistor � 

increases. As � in the circuit induces loss of 

energy during the inversion process, 

therefore it limits the amplitude of 

piezoelectric patch voltage. 
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the electrical quality factor �� influences the 
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damping effect. As discussed by Lefeuvre et 

al. [13], ��  decreases as the resistor � 

increases. As � in the circuit induces loss of 

energy during the inversion process, 

therefore it limits the amplitude of 
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2.4.   Damping Performance of SSDNC 

The schematic representation of SSDNC 

is shown in Fig. 5 in which a negative 

capacitance �� replaces an inductor in SSDI. 

(19)

From Eqs. (13), (17) and (19), it is clear that the electrical 

quality factor Qi influences the electromechancial 

transferred energy and the damping effect. As discussed by 

Lefeuvre et al. [13], Qi decreases as the resistor R increases. 

As R in the circuit induces loss of energy during the inversion 

process, therefore it limits the amplitude of piezoelectric 

patch voltage.

2.4 Damping Performance of SSDNC

The schematic representation of SSDNC is shown in Fig. 

5 in which a negative capacitance Cn replaces an inductor in 

SSDI. In this technique the voltage on the piezoelectric patch 

can still be inverted even in the absence of resonance. This 

inverted voltage Vm is given by the following Eq. (20) [14],

11 
 

In this technique the voltage on the 

piezoelectric patch can still be inverted even 

in the absence of resonance. This inverted 

voltage ��	is given by the following Eq. (20) 

[14], 

�� � � ��
�����

�
�� ��          (20) 

which shows that the voltage on the 

piezoelectric patch is inverted and magnified 

by a factor of	�� ��� � ���⁄ . This equation 

also shows that the magnitude of voltage on 

the piezoelectric patch is independent of the 

electrical quality factor of the circuit as 

compared to the SSDI technique. The 

waveform of voltage on the piezoelectric 

patch is shown in Fig. 6. 

Between two voltage inversions, the 

voltage and displacement vary 

proportionally which leads to Eq. (21), while 

the transferred energy during the vibration 

period is given by Eq. (22): 

�� � �� � ��
�����

��
�� ��                       (21) 

�� � � ���	�������� � ������� � ��� �
��

�����
���
�� ��

�                              (22) 

In SSDNC technique, the voltage on the 

piezoelectric patch depends upon the 

capacitance ratio 	�� ��⁄ , while in SSDI 

technique, this voltage is dependent upon 

the electrical quality factor of the circuit. As 

it is difficult to fabricate an inductor with a 

high quality factor, the voltage on the 

piezoelectric patch in SSDI is limited. 

However, in SSDNC this voltage can be 

easily increased by choosing an appropriate 

value of negative capacitance [14]. The 

amplitude of displacement is given by Eq. 

(23) while the related SSDNC damping is 

given by Eq. (24): 
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Between two voltage inversions, the voltage and 

displacement vary proportionally which leads to Eq. (21), 

while the transferred energy during the vibration period is 

given by Eq. (22):
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2.5.   Damping Performance of SSDNCI 

The schematic diagram of SSDNCI is 

shown in Fig. 7. Similar to the previous SSD 

techniques, the control strategy consists of 

closing the switch when the extremum of 

(24)

Thus the damping performance can be increased by 

keeping the absolute value of ASSDNC as large as possible.

2.5 Damping Performance of SSDNCI

The schematic diagram of SSDNCI is shown in Fig. 

7. Similar to the previous SSD techniques, the control 

strategy consists of closing the switch when the extremum 

of displacement occurs, corresponding to the extremum of 

voltage on the piezoelectric patch Vp. The switch is open after 

the voltage inversion takes place. Considering sinusoidal 

steady-state excitation, between two voltage inversions the 

voltage and displacement vary proportionally, which leads 

to Eq. (25), while the transferred energy, which can be easily 

calculated from the energy cycle as shown in Fig. 4 [23], is 

given by Eq. (26):
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Eq. (26) shows an increase in the dissipated 

energy as compared to the previous SSD 

techniques as the energy cycle increases 

along the voltage axis of Fig. 4. 

The displacement is given by Eq. (27) under 

the assumption that it remains purely 

sinusoidal, where � is the angular frequency 

of the driving force. The voltage on the 

piezoelectric patch can be expressed as the 

sum of two functions; one is the image of 

displacement or strain variation ���� , while 

the other is a rectangular signal due to 

switching action����, as shown in Fig. 8 and 

given by Eq. (28): 

���� � ����������� � ��          (27) 

�� � ���� � ��� � �
�� �� � ��          (28) 

where � is the crenel function defined in Eq. 

(29). In the case of periodic motion, � is also 

periodic and can be expressed as Fourier 

series, as shown in Eq. (30): 

� � �� �������� �
��

������ ������� �         (29) 

� �

�� �������� �
��

������∑ � �
������� ������� �����

���� � ���                                (30) 

Inserting Eq. (28) into Eq. (4) leads to Eq. 

(31). Only the first harmonic of the crenel 

can be considered since the displacement is 

assumed to remain sinusoidal [26,28,29], 

which leads to the transfer function (32) 

linking the displacement to the excitation 

force: 

� � ���� � ��� � ��
��� � � ��� � ��

�� �      (31) 

(25)
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Eq. (26) shows an increase in the dissipated energy as 

compared to the previous SSD techniques as the energy 

cycle increases along the voltage axis of Fig. 4.

The displacement is given by Eq. (27) under the 

assumption that it remains purely sinusoidal, where ω is 

the angular frequency of the driving force. The voltage on 

the piezoelectric patch can be expressed as the sum of 

two functions; one is the image of displacement or strain 

variation Vst, while the other is a rectangular signal due to 

switching action Vsw, as shown in Fig. 8 and given by Eq. (28):
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Inserting Eq. (28) into Eq. (4) leads to Eq. 

(31). Only the first harmonic of the crenel 

can be considered since the displacement is 

assumed to remain sinusoidal [26,28,29], 

which leads to the transfer function (32) 

linking the displacement to the excitation 

force: 
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where h is the crenel function defined in Eq. (29). In the case 

of periodic motion, h is also periodic and can be expressed 

as Fourier series, as shown in Eq. (30):
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displacement to the excitation force:
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At the resonance frequency, still given by 

Eq. (8), the amplitude of displacement is 

given by Eq. (33) while the related SSDNCI 

damping is given by Eq. (34): 
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                           (34) 

 

3. Implementation of Autonomous 
SSDNCI Technique 

This section deals with the 

implementation of autonomous SSDNC and 

autonomous SSDNCI techniques which are 

schematically represented in Figs. 9 and 10 

respectively. These schemes are similar to 

that used by Delpero et al. [21] with the 

exception that in the voltage inversion 

section, the inductor is replaced with a 

resistor and a negative capacitor for 

autonomous SSDNC, while for the 

autonomous SSDNCI shunt, two parallel 

branches are used in which one branch 

contains a negative capacitor while the other 

branch consist of a resistor, an inductor and 

two MOSFET switches.  

The negative capacitance is actually 

implemented by using a negative impedance 

converter as shown in Fig. 11 [14], which is 

basically an active storage element due to 

the use of operational amplifier along with 

passive elements. The input impedance of 

this circuit is given by Eq. (35) below: 

��� � �� �
�������� � � �

���    (35) 

where ��� � ��������  is the negative 

capacitance. Thus a particular negative 

capacitance can be produced by varying the 

values of���,�� or���.  

The inductor used in the autonomous 

SSDI and SSDNCI techniques is realized by 

using a synthetic inductor instead of coil 

wound inductor. This enabled us not only to 

conveniently tune the value of inductance 

and the quality factor but also has advantage 

in terms of their lighter weight. While higher 

values of inductance and quality factor can 13 
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At the resonance frequency, still given by Eq. (8), the 

amplitude of displacement is given by Eq. (33) while the 

related SSDNCI damping is given by Eq. (34):
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In this technique the voltage on the 

piezoelectric patch can still be inverted even 

in the absence of resonance. This inverted 

voltage ��	is given by the following Eq. (20) 

[14], 

�� � � ��
�����

�
�� ��          (20) 

which shows that the voltage on the 

piezoelectric patch is inverted and magnified 

by a factor of	�� ��� � ���⁄ . This equation 

also shows that the magnitude of voltage on 

the piezoelectric patch is independent of the 

electrical quality factor of the circuit as 

compared to the SSDI technique. The 

waveform of voltage on the piezoelectric 

patch is shown in Fig. 6. 

Between two voltage inversions, the 

voltage and displacement vary 

proportionally which leads to Eq. (21), while 

the transferred energy during the vibration 

period is given by Eq. (22): 

�� � �� � ��
�����

��
�� ��                       (21) 

�� � � ���	�������� � ������� � ��� �
��

�����
���
�� ��

�                              (22) 

In SSDNC technique, the voltage on the 

piezoelectric patch depends upon the 

capacitance ratio 	�� ��⁄ , while in SSDI 

technique, this voltage is dependent upon 

the electrical quality factor of the circuit. As 

it is difficult to fabricate an inductor with a 

high quality factor, the voltage on the 

piezoelectric patch in SSDI is limited. 

However, in SSDNC this voltage can be 

easily increased by choosing an appropriate 

value of negative capacitance [14]. The 

amplitude of displacement is given by Eq. 

(23) while the related SSDNC damping is 

given by Eq. (24): 

�� � ��
��������� ���� ���� �������⁄ ��        (23) 

������ �

�� ���� ���
��������� ���� ���� �������⁄ ��� (24) 

Thus the damping performance can be 

increased by keeping the absolute value of 

������  as large as possible. 

 

2.5.   Damping Performance of SSDNCI 

The schematic diagram of SSDNCI is 

shown in Fig. 7. Similar to the previous SSD 

techniques, the control strategy consists of 

closing the switch when the extremum of 
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displacement occurs, corresponding to the 

extremum of voltage on the piezoelectric 

patch ��� . The switch is open after the 

voltage inversion takes place. Considering 

sinusoidal steady-state excitation, between 

two voltage inversions the voltage and 

displacement vary proportionally, which 

leads to Eq. (25), while the transferred 

energy, which can be easily calculated from 

the energy cycle as shown in Fig. 4 [23], is 

given by Eq. (26): 
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Eq. (26) shows an increase in the dissipated 

energy as compared to the previous SSD 

techniques as the energy cycle increases 

along the voltage axis of Fig. 4. 

The displacement is given by Eq. (27) under 

the assumption that it remains purely 

sinusoidal, where � is the angular frequency 

of the driving force. The voltage on the 

piezoelectric patch can be expressed as the 

sum of two functions; one is the image of 

displacement or strain variation ���� , while 

the other is a rectangular signal due to 

switching action����, as shown in Fig. 8 and 

given by Eq. (28): 
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�� � ���� � ��� � �
�� �� � ��          (28) 

where � is the crenel function defined in Eq. 

(29). In the case of periodic motion, � is also 

periodic and can be expressed as Fourier 

series, as shown in Eq. (30): 
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Inserting Eq. (28) into Eq. (4) leads to Eq. 

(31). Only the first harmonic of the crenel 

can be considered since the displacement is 

assumed to remain sinusoidal [26,28,29], 

which leads to the transfer function (32) 

linking the displacement to the excitation 

force: 

� � ���� � ��� � ��
��� � � ��� � ��

�� �      (31) 
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Fig. 7. Schematic diagram of SSDNCI. PZT: piezoelectric patch. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7.  Schematic diagram of SSDNCI. PZT: piezoelectric patch.
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Fig. 8. Voltage on piezoelectric patch as the sum of two functions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8.  Voltage on piezoelectric patch as the sum of two functions.
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At the resonance frequency, still given by 

Eq. (8), the amplitude of displacement is 

given by Eq. (33) while the related SSDNCI 

damping is given by Eq. (34): 
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3. Implementation of Autonomous 
SSDNCI Technique 

This section deals with the 

implementation of autonomous SSDNC and 

autonomous SSDNCI techniques which are 

schematically represented in Figs. 9 and 10 

respectively. These schemes are similar to 

that used by Delpero et al. [21] with the 

exception that in the voltage inversion 

section, the inductor is replaced with a 

resistor and a negative capacitor for 

autonomous SSDNC, while for the 

autonomous SSDNCI shunt, two parallel 

branches are used in which one branch 

contains a negative capacitor while the other 

branch consist of a resistor, an inductor and 

two MOSFET switches.  

The negative capacitance is actually 

implemented by using a negative impedance 

converter as shown in Fig. 11 [14], which is 

basically an active storage element due to 

the use of operational amplifier along with 

passive elements. The input impedance of 

this circuit is given by Eq. (35) below: 

��� � �� �
�������� � � �

���    (35) 

where ��� � ��������  is the negative 

capacitance. Thus a particular negative 

capacitance can be produced by varying the 

values of���,�� or���.  

The inductor used in the autonomous 

SSDI and SSDNCI techniques is realized by 

using a synthetic inductor instead of coil 

wound inductor. This enabled us not only to 

conveniently tune the value of inductance 

and the quality factor but also has advantage 

in terms of their lighter weight. While higher 

values of inductance and quality factor can 
13 
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where -Cn=-R2Cg/R1 is the negative capacitance. Thus a 

particular negative capacitance can be produced by varying 

the values of R1, R2 or Cg. 

The inductor used in the autonomous SSDI and SSDNCI 

techniques is realized by using a synthetic inductor instead of 

coil wound inductor. This enabled us not only to conveniently 

tune the value of inductance and the quality factor but also 

has advantage in terms of their lighter weight. While higher 

values of inductance and quality factor can be obtained 

through coil wound inductors but one has to compromise on 

their heavier weights which is not feasible in most practical 

applications. The synthetic inductor is realized through a 

Riordan-Type inductor [25] and is schematically shown in 

Fig. 12. The input impedance ZL of the circuit is given by Eq. 

(36):
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tuning. Thus the quality factor ��  can be 
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inductance used in the experiments are listed 

in Table 1. 
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for the switching action to be performed. 

The DSP intakes a displacement signal from 

the sensor and consequently generates a 

switch signal in order to control the timing 

of the switch in synchronous with the 

structure motion. Usually the switching 

action is performed at the extremum of the 

displacement motion. However, in the 

autonomous SSD techniques, the task of the 

DSP is taken up by an additional collocated 

piezoelectric transducer which acts as a 

sensor to generate an electrical signal in 

proportion to the displacement and the strain 

of the vibrating structure [18]. A low pass 

filter is used in the autonomous shunt circuit 

which filters the sensor voltage Vs to 

generate a control voltage Vc in order to 

control and power up the switch. A filter 

actually generates a phase lag of π/2 

between the control voltage Vc and the 

sensor voltage Vs, which is needed for 

proper switching at displacement extremum 

[21]. The switches are basically two 

MOSFETs, an n-channel and a p-channel, 

along with two diodes as shown in Figs. 9 

and 10. These MOSFETs work in an 

alternate fashion to open and close the 

circuit according the control voltage Vc 

(36)

The equivalent inductance of the synthetic circuit is 

LI=(R1R2CiR4)/R3, where R4 is the adjustable resistance for 

inductance tuning. Thus the quality factor Qi can be adjusted 

in a certain range by carefully selecting the impedance 

values of the circuit elements of the synthetic inductor. 

The impedance values of all the circuit elements of the 
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Fig. 9. Schematic diagram of Autonomous SSDNC shunt. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. Schematic diagram of Autonomous SSDNC shunt.
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Fig. 10. Schematic diagram of Autonomous SSDNCI shunt. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10. Schematic diagram of Autonomous SSDNCI shunt.
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Fig. 11. Negative capacitance circuit schematic. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11.  Negative capacitance circuit schematic.
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synthetic negative capacitance and inductance used in the 

experiments are listed in Table 1.

In the previous SSD techniques, a digital signal processor 

(DSP) is always required for the switching action to be 

performed. The DSP intakes a displacement signal from 

the sensor and consequently generates a switch signal in 

order to control the timing of the switch in synchronous 

with the structure motion. Usually the switching action is 

performed at the extremum of the displacement motion. 

However, in the autonomous SSD techniques, the task of 

the DSP is taken up by an additional collocated piezoelectric 

transducer which acts as a sensor to generate an electrical 

signal in proportion to the displacement and the strain of 

the vibrating structure [18]. A low pass filter is used in the 

autonomous shunt circuit which filters the sensor voltage 

Vs to generate a control voltage Vc in order to control and 

power up the switch. A filter actually generates a phase lag 

of π/2 between the control voltage Vc and the sensor voltage 

Vs, which is needed for proper switching at displacement 

extremum [21]. The switches are basically two MOSFETs, 

an n-channel and a p-channel, along with two diodes as 

shown in Figs. 9 and 10. These MOSFETs work in an alternate 

fashion to open and close the circuit according the control 

voltage Vc which can be positive or negative depending upon 

the structure displacement. 

In the work of Niederberger and Morari [18], a low-

amplitude sinusoidal control voltage Vc was used to drive 

the switch which resulted in the poor control performance. 

Actually the low pass filter used in their work, reduced 

the piezo sensor voltage Vs by at least 10 times resulting in 

inefficient switching with large electrical losses. The reduced 

value of control voltage Vc also lowered the voltage inversion 

ratio γ which resulted in lower control performance as the 

value of γ is directly responsible for the control performance 

of the shunt. Also for proper switching action, the control 

voltage Vc needs to overcome the threshold voltage of the 

MOSFETs which is usually different from zero. Due to the 

sinusoidal waveform of the control voltage Vc, it crosses 

the threshold voltage of the MOSFETs at different phases 

depending upon its amplitude. Therefore proper functioning 

of switch depends upon the amplitude of vibration. These 

problems were effectively overcome by Delpero et al. [21] 

who suggested using a square function instead of a sinusoidal 

one for the control of switch. A nano-operational amplifier 

was used for this purpose in the comparator in order to 

convert the filtered signal into a square one. A piezo sensor 

was used to harvest the energy for powering the comparator 

by using a bridge of diodes in two capacitors so that the 

circuit is autonomous and self-powered. Two Zener diodes 

were used to limit the voltage on the capacitors in order to 

further protect the comparator.

Although Delpero et al. [21] effectively proposed an 

autonomous SSDI for both single and two mode control 

of a cantilever beam, however the control performance of 

SSDI technique heavily relies on the quality factor Qi of the 

shunt circuit as explained in Section 1. This quality factor 

depends upon the properties of the electrical components of 

the shunt such as MOSFET and inductor. As it is practically 

difficult to increase the quality factor of the shunt beyond 

certain limit, thus the control performance of SSDI is limited 

[13,14]. The same is true for the autonomous SSDI technique. 

Thus in order to bypass the influence of the quality factor 

on the control performance or to minimize its influence 

as much as possible, a new autonomous SSD technique is 

proposed in this paper. This technique is called autonomous 

synchronized switch damping on negative capacitance and 

Table 1. Parameters of the synthetic negative capacitance and inductance circuits.

33 
 

 
 
 
 
 
 

Table 1.  Parameters of the synthetic negative capacitance and inductance circuits. 
 

 
Symbol

Negative 

capacitance 

Inductance 

Parameters of circuit 
elements 

R1 10kΩ 1kΩ 
R2 7kΩ 1kΩ 
R3  1kΩ 
R4  10kΩ 
Cg 100nF  
Ci  100nF 

Equivalent impedance 
value 

Cn -70nF  
LI  1H 
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Fig. 12. Riordan’s simulated grounded inductor. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12.  Riordan’s simulated grounded inductor.

(501~517)16-081.indd   508 2017-01-02   오전 5:14:09



509

Ehtesham Mustafa Qureshi    An autonomous synchronized switch damping on inductance and negative capacitance for .....

http://ijass.org

inductance (autonomous SSDNCI). The key idea is to use 

two parallel branches in the shunt circuit instead of a series 

branch as was used in the autonomous SSDI technique. One 

branch consists of a negative capacitor while the other branch 

consists of a resistor, an inductor and a switch. Thus the 

negative capacitor is always connected to the piezoelectric 

patch during both switching states. As explained earlier 

in Section 1, that by replacing an inductor in the SSDI by 

a negative capacitor, the voltage inversion is still possible 

with better control performance than SSDI [14]. However, 

the absence of inductor from the shunt circuit of SSDNC 

results in the generation of high current during the switching 

process which produces saturation of synthetic negative 

capacitor [17]. Thus in order to get a complete picture of 

our proposed autonomous SSDNCI technique, experiments 

will be performed on a cantilever aluminum beam by using 

autonomous SSDI, autonomous SSDNC and autonomous 

SSDNCI technique to demonstrate the better damping 

capabilities of the proposed autonomous SSDNCI technique 

as compared to previous autonomous SSD techniques. Both 

single mode and broadband control will be discussed.

4. Experimental Setup 

Fig. 13 (a, b) shows the complete experimental setup along 

with all the necessary equipment. Experiments for both 

single mode and broadband are performed on a cantilever 

aluminum beam clamped at one end to an electromagnetic 

exciter which is driven by a function generator through an 

amplifier. For single mode control experiments, the function 

generator supplies a periodic pulse signal to excite the first 

resonant mode of the beam at 9.2 Hz. While for broadband 

control experiments, the same function generator generates 

a short sine sweep signal to excite the beam at the frequency 

band of 500 Hz. This frequency band is chosen as it contains 

the first four resonant modes of the beam which are around 9.2 

Hz, 57 Hz, 160 Hz and 314 Hz respectively. Two piezoelectric 

patches are used for experiments which are bonded on 

the top and bottom surfaces of the beam respectively. The 

location for their bonding is chosen where the maximum 

strain in the beam for the first resonant mode is observed, 

thus ensuring maximum electromechancial coupling of the 

system at this point. The top piezoelectric patch is used for 

control purpose while the bottom one is used for sensing 

purpose. The leftmost edge of both the piezoelectric patches 

is at a distance of 10mm from the clamped end as shown 

in Fig. 13 (a). The poling direction of both the piezoelectric 

patches is perpendicular to the beam while electromagnetic 

coupling coefficient k31 mainly drives the piezoelectric 

response. The material properties and dimensions of the 

aluminum beam and piezoelectric patches are summarized 

in Table 2. The negative capacitor is constructed by using an 

OPA445AP operational amplifier while IRF840 and IRF9630 

are used as n-channel and p-channel MOSFETs respectively 

for switching purpose. A nano-power operational amplifier 

LPV521 is used for the comparator in order to transform the 

filtered voltage into a square signal.
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Fig. 13. Experimental setup: (a) Schematic representation and (b) picture. 
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Fig. 13. Experimental setup: (a) Schematic representation and (b) picture.

Table 2. Aluminum beam and piezoelectric patch properties and dimensions.
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Table 2.  Aluminum beam and piezoelectric patch properties and dimensions. 
 

Aluminum 
beam 

Size  300 x 40 x 1 mm 
Elastic modulus Eb = 70 GPa 
Mass density ρb = 2700 kg/m3 

Piezoelectric 
patch 

Size  50 x 40 x 0.5 mm 
Elastic modulus Ep = 66 GPa 
Mass density ρp = 7450 kg/m3 
Electromechanical coupling 
coefficient k31 = 0.36 

Free capacitance Cp = 67 nF 
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Four cases are considered for experiment: vibration 

without control, Autonomous SSDI, Autonomous SSDNC 

and Autonomous SSDNCI. 

5. System Identification

In order to relate the identified model with the actual 

setup, it is necessary to identify the parameters of the 

considered piezostructure. The various properties of the 

considered piezostructure cannot be simply obtained from 

the properties of piezoelectric patch due to the reason that 

this piezostructure is more complex than the simple model 

described in Section 2. However, the structure presents all 

the features of a piezoelectric electromechanical device as 

defined in Section 2, therefore its properties can be identified 

from the experimental measurements as summarized in 

Table 3 and Eq. (37) [23].
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becomes irregular.  This may be attributed to 

the fact that the sensor piezoelectric patch 

voltage generates sharp edges which affects 
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reason could be that the high current 

generated during the switching process 
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waveform. The amplitude reduction through 

the autonomous SSDI was due to the fact 

that the magnitude of the piezoelectric 

voltage is increased and inverted as shown 

in Fig. 14 (b), resulting in around 32 % 

amplitude reduction as compared to the 18 
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valid for one particular frequency which in this case is the 

first resonant mode. However for broadband analysis, system 

identification is required for each resonance frequency in 

the frequency range of interest. 

6. Results and Discussion

This section deals with the experimental results obtained 

from the autonomous SSDI, autonomous SSDNC and 

autonomous SSDNCI for both single mode and multimode 

control of a cantilever beam. The obtained experimental 

results will also be discussed in detail and compared to each 

other in order to demonstrate better damping capabilities of 

the proposed shunt.

6.1 First Resonant Mode Control

The test structure in our experiments is an aluminum 

cantilever beam which is driven around its first resonant 

frequency of 9.2 Hz by a periodic pulse signal generated 

through a function generator. The displacement of the beam 

when no control is applied is around 6 mm as shown in Fig. 

14 (a). When the autonomous SSDI technique is applied, the 

displacement of the structure is reduced to around 4.1 mm 

(Fig. 14(a)) however the shape of the sinusoidal waveform 

of the displacement signal becomes irregular.  This may be 

attributed to the fact that the sensor piezoelectric patch 
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Fig. 14. The control performance of first resonant mode using Autonomous SSDI technique. 

(a) Time history of displacement. (b) Voltage and displacement with control.  
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Fig. 14.  The control performance of first resonant mode using Autonomous SSDI technique. (a) Time history of displacement. (b) Voltage and dis-
placement with control. 

Table 3. Measurements and model parameters.
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Table 3.  Measurements and model parameters. 
 

Short circuit resonance frequency  9.18 Hz 
Open circuit resonance frequency  9.20 Hz 
Open circuit damping coefficient  0.0088 
Piezo open circuit voltage to the beam free 
end displacement ratio  1146.67 V/m 

Force factor   7.68E-5 N/V 
Clamped capacitance of the piezoelectric 
element  67 nF 

Equivalent mass  0.006 kg 

Equivalent inherent damping  0.0061 Nm-

1s-1 

Equivalent stiffness  20.188 Nm-1 
Electrical quality factor  3.86 
Voltage inversion ratio  0.66 

 

 

 

 

 

 

 

 

 

 

 

 

 

 (501~517)16-081.indd   510 2017-01-02   오전 5:14:11



511

Ehtesham Mustafa Qureshi    An autonomous synchronized switch damping on inductance and negative capacitance for .....

http://ijass.org

voltage generates sharp edges which affects the control 

piezoelectric patch. Another reason could be that the high 

current generated during the switching process affects 

the shape of the displacement waveform. The amplitude 

reduction through the autonomous SSDI was due to the fact 

that the magnitude of the piezoelectric voltage is increased 

and inverted as shown in Fig. 14 (b), resulting in around 32 % 

amplitude reduction as compared to the uncontrolled case 

(see Table 4). Thus the electrical resonance works effectively 

during the autonomous SSDI technique. However as stated 

earlier, the magnitude of voltage in the SSDI techniques 

could not be increased beyond certain limit which affects 

the control performance. This control limit depends upon 

the electrical quality factor of the circuit which is dependent 

upon the properties of the electrical components of the shunt 

e.g. MOSFET and inductor. This results in limited value of the 

voltage inversion ratio which is an indicator of the control 

performance of the shunt. During the autonomous SSDI 

experiments, the electrical quality factor Qi could not be 

increased beyond 3.86, while the voltage inversion ratio γ is 

0.66. Thus, these values limited the damping performance of 

the autonomous SSDI technique.

Therefore, in order to avoid the issues related to the 

quality factor in autonomous SSDI technique, the authors 

proposed another autonomous SSD technique in which 

the inductor in autonomous SSDI is replaced by a negative 

capacitor. This technique is named as autonomous SSDNC. 

As discussed earlier, in the autonomous SSDNC, the voltage 

inversion of piezoelectric voltage is still possible even in the 

absence of an inductor as shown in Fig. 15(b). The voltage 

inversion in autonomous SSDNC takes place via capacitance 

transient charging. The autonomous SSDNC technique 

when applied to the same test structure i.e. the cantilever 

aluminum beam resulted in enhanced amplitude reduction 

as compared to the autonomous SSDI technique as shown in 

Fig. 15 (a). The amplitude of vibration is reduced to around 

53 % as compared to 32 % achieved by the autonomous SSDI 

technique as shown in Table 4. This increased amplitude 

reduction is due to the fact that the value of piezoelectric 

voltage is increased to around 15 volts in autonomous 

SSDNC (Fig. 15(b)) as compared to around 10 volts achieved 

by autonomous SSDI technique (Fig. 14(b)).

Another important parameter which affects the control 

performance of autonomous SSDNC technique is the 

proper choice of negative capacitance value Cn. In fact 

it was found during the experiments that the value of 

negative capacitance should be kept a litter higher than 

the piezoelectric patch capacitance value Cp for optimal 

damping performance. The reason for this is explained by 

Ji et al. [14] in which the stability condition of a negative 

capacitance circuit is discussed in detail. That is, when Cn is 

less than Cp the circuit is unstable while for Cn=Cp the circuit 

is in the critical condition. However, keeping Cn larger than 

Cp guarantees the stability of the circuit as was found during 

our experiments. This value of negative capacitance was kept 

equal to -70 nF during the experiments as shown in Table 1.

Although the damping performance of autonomous 

SSDNC is better than autonomous SSDI, however as discussed 

in Section 1, the absence of an inductor from the shunt circuit 

of SSDNC results in the generation of high current during the 

switching process which produces saturation of the negative 

capacitor [17], thus limiting the damping performance. Thus, 

Table 4.  Control performance in terms of displacement magnitude 
(dB) and amplitude reduction (%) of Autonomous SSD tech-
niques for first resonant mode.
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Table 4.  Control performance in terms of displacement magnitude (dB) and amplitude reduction 
(%) of Autonomous SSD techniques for first resonant mode. 

 
 Peak value 

(upper) 
and reduction 
(lower) (dB)  

Amplitude 
reduction 

(%) 

Without control 0 - - 
Autonomous SSDI -3.31 31.7 3.31 
Autonomous 
SSDNC 

-6.63 53.3 6.63 
Autonomous 
SSDNCI 

-15.57 83.3 15.57 
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Fig. 15. The control performance of first resonant mode using Autonomous SSDNC 

technique. (a) Time history of displacement. (b) Voltage and displacement with control.  
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Fig. 15. The control performance of first resonant mode using Autonomous SSDNC 

technique. (a) Time history of displacement. (b) Voltage and displacement with control.  
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Fig. 15.  The control performance of first resonant mode using Autonomous SSDNC technique. (a) Time history of displacement. (b) Voltage and 
displacement with control. 
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in order to overcome this issue, the authors suggested using 

an inductor and a negative capacitor together in one shunt 

circuit but in parallel configuration as discussed earlier. This 

led us to come up with a new autonomous technique called 

autonomous SSDNCI. This new technique when applied 

to the same cantilever beam as used earlier, a remarkable 

vibration reduction of around 83 % is achieved as compared 

to the previous autonomous SSD techniques as shown 

in Table 4. The displacement amplitude before and after 

control is shown in Fig. 16 (a) while the voltage amplitude 

after control is shown in Fig. 16 (b). The voltage is increase to 

around 20 volts as compared to 10 volts and 15 volts achieved 

by previous SSD techniques thus leading to higher damping 

performance of autonomous SSDNCI. Although the shape of 

voltage waveform of autonomous SSDNCI is not as desired, 

which could be due to the quality of piezoelectric patch 

used, but still the damping performance is much better that 

the previous autonomous SSD techniques.

In order to get a clear picture of the damping performance 

of the proposed autonomous shunts, a spectrum of 

displacement in dB of the first resonant mode of the beam 

is plotted in Fig. 17. Data normalization is performed so 

that uncontrolled displacement i.e. 6 mm corresponds to 

0 dB on the plot. This plot clearly shows that the proposed 

autonomous SSDNCI reduced the amplitude of vibration by 

15.57 dB as compared to the 6.63 dB and 3.31 dB achieved 

by autonomous SSDNC and autonomous SSDI techniques 

respectively. This speaks volume of the enhanced damping 

capabilities of the proposed autonomous SSDNCI technique 

as compared to the previous autonomous SSD techniques.  

6.2 Multimode Vibration Control 

In order to show the broadband capabilities of the proposed 

autonomous SSDNCI shunt which is more representative 

of the actual conditions as observed in the aerospace field, 

the same test structure i.e. the cantilever beam, as used 

in single mode control, is subjected to a short sine sweep 

signal at a 500 Hz frequency band. The experimental setup 

consists of the same equipment as used for the single mode 

control experiments and is shown in Fig. 13 (a, b). The 500 

Hz frequency band is chosen as it contained the first four 

resonant modes of the cantilever beam which are around 9.2 

Hz, 57 Hz, 160 Hz and 314 Hz respectively.

Figure 18 (a) shows the displacement magnitude before 

and after the application of autonomous SSDI technique 

while the corresponding piezoelectric voltage is shown in Fig. 

18 (b). The single mode autonomous SSDI control requires 

a low pass filter which intakes a sensor signal according to 

the displacement sensed through the sensor piezoelectric 

patch and generates the control signal accordingly for 

the switching process as explained in Section 3. While in 

multimode control the extrema detection process is still 

performed by the low pass filter but the switching action is 
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Fig. 16. The control performance of first resonant mode using Autonomous SSDNCI 

technique. (a) Time history of displacement. (b) Voltage and displacement with control.  
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Fig. 16. The control performance of first resonant mode using Autonomous SSDNCI 

technique. (a) Time history of displacement. (b) Voltage and displacement with control.  
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Fig. 16.  The control performance of first resonant mode using Autonomous SSDNCI technique. (a) Time history of displacement. (b) Voltage and 
displacement with control. 
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Fig. 17. The spectrum of displacement of the first mode with Autonomous SSDI, 

Autonomous SSDNC and Autonomous SSDNCI techniques.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 17. The spectrum of displacement of the first mode with Autonomous SSDI, Autonomous SSDNC and Autonomous SSDNCI techniques. 
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performed on the largest displacement signal received by 

the sensor piezoelectric patch. The switching action is more 

complex in the multimode control as compared to the single 

mode control due to the random nature of the signal. This 

can lead to inefficient switching process as switching on each 

extremum is not the optimal solution for damping, resulting 

in decreased damping in the lower vibration modes, which 

are often more energetic and better coupled than the higher 

modes [26]. 

Despite the complexities involved in the multimode 

control regarding the switching process, a comparison 

of the proposed autonomous SSDNCI technique (Fig. 

20) with autonomous SSDNC (Fig. 19) and autonomous 

SSDI (Fig. 18) showed better vibration attenuation with 

enhanced piezoelectric voltage magnitude for autonomous 

SSDNCI. This information is clearer from the spectrums 

of displacement of the corresponding control techniques 

as shown in Fig. 21. Small peaks can be seen at higher 

frequencies which are due to system’s nonlinearity. Data 

normalization is performed so that 6 mm, which is the 

Table 5. Multimode control performance in terms of displacement magnitude (dB) of Autonomous SSD techniques.
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Table 5.  Multimode control performance in terms of displacement magnitude (dB) of 
Autonomous SSD techniques. 

 

 

First mode,
Peak value 

(upper) 
and 

reduction 
(lower) 

Second 
mode, 

Peak value 
(upper) 

and 
reduction 
(lower) 

Third 
mode, 

Peak value 
(upper) 

and 
reduction 
(lower) 

Fourth 
mode, 

Peak value 
(upper) 

and 
reduction 
(lower) 

Without control 0 -5.36 -13.05 -7.56 
- - - - 

Autonomous 
SSDI 

-3.31 -11.51 -21.20 -13.72 
3.31 6.15 8.15 6.16 

Autonomous 
SSDNC 

-6.63 -13.64 -14.45 -15.82 
6.63 8.28 1.40 8.26 

Autonomous 
SSDNCI 

-15.57 -17.33 -20.53 -21.66 
15.57 11.97 7.48 14.1 
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Fig. 18. The control performance of multimode using Autonomous SSDI technique. (a) Time 

history of displacement. (b) Voltage and displacement with control.  
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Fig. 18. The control performance of multimode using Autonomous SSDI technique. (a) Time 

history of displacement. (b) Voltage and displacement with control.  
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Fig. 18.  The control performance of multimode using Autonomous SSDI technique. (a) Time history of displacement. (b) Voltage and displacement 
with control. 
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Fig. 19. The control performance of multimode using Autonomous SSDNC technique. (a) 

Time history of displacement. (b) Voltage and displacement with control.  
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Fig. 19. The control performance of multimode using Autonomous SSDNC technique. (a) 

Time history of displacement. (b) Voltage and displacement with control.  

 

 

 

 

                                                      
                   (a)                                                                                                                                 (b)

Fig. 19.  The control performance of multimode using Autonomous SSDNC technique. (a) Time history of displacement. (b) Voltage and displace-
ment with control. 
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uncontrolled amplitude of vibration, corresponds to 0 dB 

on the plot. Without control, the first mode exhibits the peak 

value principally because it is the fundamental mode. Table 

5 lists the control performance of different autonomous 

SSD techniques for the first four resonant modes of the 

beam. From Table 5 it is clear that the autonomous SSDI 

performed the poorest for the first resonant mode while 

autonomous SSDNCI performed the best. While for the 

third mode, autonomous SSDI performed the best while 

autonomous SSDNC performed the worst. This worsening 

in damping performance for autonomous SSDNC may be 

due to the fact that the dynamic force, generated during the 

voltage inversion process, is exponential in nature which 

results in the generation of many frequency components in 

the autonomous SSDNC as compared to autonomous SSDI. 

Another reason may be that the amplitude of the third mode 

increased due to the influence of high order harmonics of the 

first mode resulting in less damping at mode 3 as compared 

to the other modes. Overall the autonomous SSDNCI 

performed much better than the other two techniques 

particularly for the first mode which is principally the most 

important mode to be controlled for the test structure. 

The above discussion showed the robust nature of the 

proposed autonomous SSDNCI shunt for the broadband 

vibration control. However the control performance of 

the proposed shunt is limited by the extremum detection 

associated with the dominant mode. This leads to the 

inefficient switching signals generated from the low pass 

filter. Thus further improvement in the proposed autonomous 

shunt could be made by deploying more complex techniques 

than a simple low pass filter [21].

In the end it is important to mention that different energy 

harvesting techniques could be used to generate input power 

required for proper operation of the synthetic negative 

capacitance and synthetic inductance. In our research work 

the synthetic negative capacitor and synthetic inductor were 

constructed by using OPA445AP operational amplifiers as 

shown in Figs. 11 & 12 respectively. These amplifiers required 

input power supply in the range of + 10V to + 45V for proper 

operation and this power supply was provided through 

external power sources during the experiments. There are 

no energy harvesting techniques currently available which 

could generate this high voltage. However, there are different 

low power operational amplifiers available in the market, 

e.g. NE5230, SA5230, SE5230, which need input supply 

voltage of just 1.8 V. We opted for OPA445AP operational 

amplifiers as our shunt circuit needed high power due to 

the flexible nature of the test structure with low resonance 

modes to be controlled. However, in future, reduction in 

the power requirement could be achieved by constructing 

the shunt circuit using low power electronic components. 

Also, improvement in power generation from future energy 

harvesting techniques could help realize the suggested 

shunt circuit. The aim of this research work was to provide 

a possible solution under the framework of piezoelectric 

vibration damping and energy harvesting, thus realizing a 
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Fig. 21. The spectrum of displacement of the multimode with Autonomous SSDI, Autonomous 

SSDNC and Autonomous SSDNCI techniques.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 21. The spectrum of displacement of the multimode with Autonomous SSDI, Autonomous SSDNC and Autonomous SSDNCI techniques. 
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Fig. 20. The control performance of multimode using Autonomous SSDNCI technique.  

(a) Time history of displacement. (b) Voltage and displacement with control.  
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Fig. 20. The control performance of multimode using Autonomous SSDNCI technique.  

(a) Time history of displacement. (b) Voltage and displacement with control.  

 

 

 

                                                      
                   (a)                                                                                                                                 (b)

Fig. 20.  The control performance of multimode using Autonomous SSDNCI technique. (a) Time history of displacement. (b) Voltage and displace-
ment with control. 
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complete self-powered vibration control device in future.

7. Conclusions

This paper proposed a practical implementation of 

already investigated SSD technique called the autonomous 

synchronized switch damping on negative capacitance 

and inductance (autonomous SSDNCI). The previous 

autonomous SSD techniques heavily depend upon the 

electrical quality factor of the shunt circuit which limited 

the damping performance of those techniques. As the 

electrical quality factor of the shunt circuit depends on 

the properties of the electrical components of the shunt 

and the inductor, therefore the damping performance of 

previous autonomous SSD techniques particularly the 

autonomous SSDI technique is limited. Thus in order to 

reduce the influence of the electrical quality factor of the 

shunt and consequently improve the damping performance, 

a negative capacitance along with the inductance is used 

in the shunt circuit of the proposed autonomous SSDNCI. 

An autonomous SSD technique using only the negative 

capacitance is also proposed (autonomous SSDNC) which 

completely bypassed the influence of the electrical quality 

factor of the shunt circuit due to the absence of inductor 

from the shunt circuit. Although autonomous SSDNC 

performed better than autonomous SSDI but the absence of 

inductor from the shunt circuit of autonomous SSDNC result 

in saturation of the negative capacitor due to high current 

generated during the switching process thus limiting the 

damping performance. In order to overcome this problem, 

an inductor is also used along with the negative capacitor 

in the proposed autonomous SSDNCI which limited the 

amount of current supplied by the negative capacitor 

resulting in a remarkable improved damping performance of 

this technique both for single mode and multimode control.

During the experiments it is also found that the value of 

negative capacitance should be kept a little larger than the 

piezoelectric patch capacitance for optimal damping result. 

In the autonomous SSD techniques a low pass filter is used for 

extrema detection instead of a digital signal processor (DSP) 

which is required in non-autonomous SSD techniques. The 

previous autonomous SSD showed that the low pass filter 

worked optimally for sinusoidal single mode or two mode 

excitation; however the proposed autonomous SSDNCI also 

showed robust behavior for four mode random vibration 

excitation which is more representative of the actual 

conditions. The broadband characteristics of the proposed 

autonomous SSDNCI technique could be improved further 

by developing more complex extrema detection techniques 

rather than a simple low-pass filter.  

Although, the proposed autonomous SSDNCI technique 

could not be implemented at the moment due to the 

requirement of high power for the synthetic negative 

capacitance and synthetic inductance. However, by 

designing shunt circuits consisting of low power components 

and developing improved energy harvesting techniques 

could help in overcoming this apparent drawback, thus a 

complete self-powered vibration control device could be 

realized in the future.
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