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Abstract: Structural vibration control was an active research area for the past twenty years because of their potential applications in
aerospace structures, civil structures, naval structures, etc. Semi-active vibration control methods based on piezoelectric actuators and
synchronized switch damping on inductance (SSDI) techniques attract the attention of many researchers recently due to their advantages
over passive and active methods. In the SSDI method, a switched shunt circuit is connected to the piezoelectric patch to shift the phase
and amplify the magnitude of the voltage on the piezoelectric patch. The most important issue in SSDI method is to control the
switching actions synchronously with the maximum vibration displacement or maximum strain. Hence, usually a displacement sensor is
used to measure the vibration displacement or a collocated piezoelectric sensor is needed to measure the strain of the structure near the
piezoelectric actuator. A self-sensing SSDI approach is proposed and applied to the vibration control of a composite beam, which avoids
using a separate sensor. In the self-sensing technique, the same piezoelectric element functions as both a sensor and an actuator so that
the total number of required piezoelectric elements can be reduced. One problem in the self-sensing actuator, which is the same as that
in the traditional collocated piezoelectric sensors, is the noise generated in the sensor signal by the impact of voltage inversion, which
may cause extra switching actions and deteriorate control performance. In order to prevent the shunt circuit from over-frequent
on-and-off actions, a simple switch control algorithm is proposed. The results of control experiments show that the self-sensing SSDI
approach combined with the improved switch control algorithm and effectively suppress over-frequent switching actions and gives good
control performance by reducing the vibration amplitude by 45%, about 50% improvement from the traditional SSDI with a separate

piezoelectric element and a classical switch.
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1 Introduction

Piezoelectric materials are widely used as sensors and
actuators in vibration and noise control of smart structures
owing to their excellent frequency characteristics and
capability in reciprocal conversion between the electric and
mechanical strain energy. Vibration control using
piezoelectric materials has received much attention in
recent years. The methods of vibration control can be
mainly divided into three categories, passive, active, and
semi-active. Among of these methods, the semi-active
control which is called synchronized switch damping (SSD)
has been attracting much attention in recent years because
of several advantages: Compared with passive and active
vibration control, it is not sensitive to the variation of the
system parameters, and the control system is more
compact.
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The SSD method consists in a nonlinear processing of
the voltage on a piezoelectric patch embedded in the
structure. It is implemented with a simple electric shunt
circuit, which is connected to the piezoelectric patch and
switched synchronously with the structural vibration. This
switched shunt circuit is used to process the voltage on the
piezoelectric element. The switch is kept open for most of
the time in a period of vibration and closed for a short
duration (much shorter than the period of vibration) when
the voltage reaches a maximum (corresponding to a
maximum of the strain in the piezoelectric patch). Due to
this process, a voltage magnification is obtained and a
phase shift appears between the strain in piezoelectric patch
and the resulting voltage, thus creating energy dissipation.
Several SSD techniques, depending on the structure of the
shunt circuit (short circuit, inductor, voltage sources
depending on the SSD version), have been reported'' .

The most important issue in SSD methods is to drive the
switch synchronously with the maximum vibration
displacement or maximum strain. In the former studies,
usually displacement sensors or additional piezoelectric
patches, which are bonded at the same place on the
structure, were used to measure the strain®®. However,
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sometimes there are difficulties in using these sensors for
switch control, due to phase difference and interference
between the sensor and actuator. The self-sensing technique,
in which the same piezoelectric functions as a sensor and
an actuator, is an ideal solution for these problems.

The self-sensing technique was originally proposed for
active control” ", Due to the true collocation of the sensor
and actuator, a velocity feedback system using a
self-sensing actuator is unconditionally stable. A great
number of researches on self-sensing methods of
piezoelectric actuators have been conducted in active
control, and the use of a bridge circuit connected to a
piezoelectric actuator is a common approach!'' %,
However, the high sensitivity of the bridge circuit to
variations in the parameter values is a serious drawback of
this technique. According to ANDERSON, et al"*!, a mere
1% variation in piezoelectric capacitance can make active
self-sensing control system unstable because of the
imbalance of the bridge circuit. These self-sensing
approaches have been investigated intensively for the
active vibration control"*"* But very few studies have
been reported on application of self-sensing in semi-active
vibration = suppression with piezoelectric  actuators.
MAKIHARA, et al'”, proposed a novel self-sensing
method for semi-active vibration control based on a
Kalman filter.

In this paper, a simple self-sensing semi-active approach
based on SSDI technique is proposed and applied to the
vibration control of a composite beam. The self-sensing
technique proposed in this study is easy to implement
because the strain extrema are detected directly from the
voltage signal of the self-sensing piezoelectric actuator. In
the semi-active approach, the control of switching actions
in the shunt circuit is critical to the control performance. An
improved switch is proposed in this study to prevent the
system from over-frequent switching actions due to the
noise in the sensor signal.

2 Mechanical Model of the Beam

The structure used in the experiment is a composite
beam with two embedded piezoelectric patches as shown in
Fig. 1. The one end of beam is clamped at a mini-shaker
which is used to drive the vibration and piezoelectric
patches are bonded on its surface close to the clamped end.
The beam is 300 mm long, 50 mm wide and 1.2 mm thick.
It is assumed that the structure acts as pure Euler-Bernoulli
beam. In this study, control of the resonant vibration at the
first nature frequency is considered. Hence, the amplitude
of the first mode is dominant and the high-order modes can
be neglected. That is, at the first resonant frequency, the
structure can be simplified to a single-degree-of-freedom
system, represented in Fig. 2. The equation of motion can
then be expressed in the following form:

Mi+Ci+Ku=F +F, (1)

where M is the modal mass, C is the modal damping
coefficient, Kg is the modal stiffhess, and F, and F; are
modal force due to excitation and the piezoelectric patch,
respectively. M, Kg, and F.and F), can be derived from the
equation of motion of the beam, but C must be estimated
experimentally. F, can be expressed in the form F,= —aV,
where minus sign is to express the direction of force.
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Fig. 1. Schematic representation of the system

The following energy equation 1is obtained by
multiplying both sides of Eq. (1) by the velocity and
integrating over the time variable:

. _ 1 .2 1 2 .2 .
J.Fcudt —EMM +EKEM +ICu dt+J.aVudt. 2)

The provided energy is divided into kinetic energy,
potential elastic energy, mechanical losses, and transferred

energy. The transferred energy IaVzldt corresponds to

the part of the mechanical energy which is converted into
electrical energy. For a certain vibration level,
maximization of this energy leads to minimization of the
mechanical energy in the structure. However, as the
vibration level is reduced, the absolute value of this energy
may decrease. Hence the objective of all the SSD control
approaches is to maximizing this energy in a given
vibration level.

PZT

NN N N N NN NN NN

Fig. 2. Diagram of the electromechanical model

3 Control System
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3.1 Principle of the synchronized switch damping on
inductor (SSDI)

The schematic diagram of a SSDI control system is
shown in Fig. 3. In the SSDI, a shunt circuit is connected to
the piezoelectric element. The circuit is composed of a
switch and an inductance L. The switch is in open state for
most of the time except when a voltage extremum occurs (it
corresponds to the strain extremum because the voltage is
proportional to the strain). At this time, the switch is closed.
Since the piezoelectric element and the inductor constitute
a L-C resonance circuit, fast inversion of the voltage on the
piezoelectric element is achieved by appropriately
controlling the closing time and duration of the switch. The
duration of the closed state ¢ is half the period of the L-C
circuit. The period of the L-C circuit is chosen to be much
smaller than that of the mechanical vibration. Normally it is
roughly between 1/20 and 1/50 of the mechanical vibration
period!'"!

Inductor

PZT | Diode
=
Switch

Extremum Switch
Detection Control

Fig. 3. Schematic diagram of a SSDI control system

If there is no shunt circuit connected to the piezoelectric
element, the generated voltage 7 on the piezoelectric patch
is proportional to the actual displacement u as shown in the
Fig. 4. In half of the vibration cycle the mechanical energy
is converted to electrical energy. In the other half of the
cycle, the electrical energy is converted back to mechanical
so that the net converted energy is zero. In the SSDI, the
shunt circuit is not only used to shift the phase of the
voltage on the piezoelectric patch, so that the force
generated by the voltage is always opposite to the velocity
u of the vibrating structure, but also amplify the voltage.
So during a whole vibration cycle, the mechanical energy is
always converted in electrical energy. The dissipated
energy E, during a period of single-mode vibrations
(provided that the switch actions take place at the strain
extremum) is given by Eq. (3):

Uy 3)

where uy, is the displacement amplitude of voltage, C; is
the capacitance of the piezoelectric patch, and }/e[O,l]
is the voltage inversion coefficient, which is defined as the
ratio of the voltages after and before inversion. The value
of ydepends on the quality factor of the resonance circuit.
Since the shunt circuit is switched at the maximum strain
of the piezoelectric actuator, the strain signal is essential for
switch control in a SSDI control system. JI, et al"™ studied
the relationship between the switching delay and the
control performance. The results show that the best control
performance is achieved when the circuit is switched at
every strain extremum in single-mode vibration control so
that the voltage on the piezoelectric actuator is reversed
twice in a period of vibration. The control performance
deteriorates as the switching delay increases. Usually, a
displacement sensor or an additional piezoelectric patch is
used to measure the strain indirectly. However sometimes
there are difficulties in using these sensors for switch
control. For example, phase difference can be induced
between the voltage of the piezoelectric actuator and the
sensor output if the sensor is not placed at an appropriate
position. When a piezoelectric sensor is located too near to
the actuator, a noise can be induced in the sensor signal due
to the local mechanical coupling. In this study, a
self-sensing technique, in which a single piece of
piezoelectric element plays the roles of both the traditional
sensor and actuator concurrently, is proposed for SSDI.

Fig. 4. Diagram of the electromechanical model

3.2 Self-sensing technique

The self-sensing technique has been widely used in
active control of structural vibrations. It has attracted much
attention because of its advantages. Due to the true
collocation of the sensor and actuator, a structure controlled
with collected velocity feedback is unconditionally stable at
all frequencies. The total number of piezoelectric elements
for sensors and actuators can be reduced. The key issue in
self-sensing is to separate the sensor signal caused by
mechanical strain of a piezoelectric element from the
control signal applied to the same piezoelectric element.
Usually a bridge circuit is used by many researchers to
achieve the objective. However, the high sensitivity of the
bridge circuit to variations in the parameter values is a
serious drawback of this technique.

In this paper, a new self-sensing technique is proposed
for semi-active vibration control. In SSDI approach, the
key issue is to detect the extrema of strain in the
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piezoelectric actuator. Self-sensing in SSDI means
detecting the extrema based on the actuator voltage signal
without using a displacement sensor or an additional
piezoelectric element. Since there is no externally applied
signal to the piezoelectric actuator, self-sensing technique
is easier to realize in semi-active vibration control than in
active vibration control. As discussed above, the voltage on
the piezoelectric element is proportional to its strain if there
are no switching actions. The voltage can be divided into
two components''”: one being an image of the strain and
the other being a rectangular waveform as shown in Fig. 5,
when the switch works. Since the voltage component due to
switching actions keeps constant between two switching
actions, the voltage on the piezoelectric element can be
used to detect the strain extrama.

Fig. 5. Decomposition of the voltage signal in SSDI techniques

The voltage on the piezoelectric element is converted to
digital signal. When the voltage values at there consecutive
sampling points, ¢, #; and t,, are V;, V) and V5, then the
strain in the piezoelectric patch reaches an extremum at ¢, if
the voltage values satisfy

Vo =) =7,) <0. (4)

When a strain extremum is detected, a switch control signal
is generated to inverse the voltage on the piezoelectric
patch. Fig. 3 shows schematic view of the switched voltage
on the piezoelectric patch. Hence in the self-sensing
technique, extremum detecting algorithm is the same as
that in a system using external sensors, but the number of
piezoelectric patches can be reduced.

3.3 Improved switching algorithm

The main problem in using Eq. (4) for extremum
detection is the noise in the voltage signal. If the noise level
is high enough, some detected extrema are induced by the
noise, not the strain. That is, more than two extrema can be
detected from the voltage signal in a period of single-mode
vibration. This may lead to over-frequent on-and-off
actions of the switch and low control performance.

In order to prevent over-frequent on-and-off actions of
the switch, an improved switch control algorithm is
proposed in this study. The improved algorithm turns
switch to inactive state for a certain period, 7, after each
switching action so that no switching actions can occur in
this period even if extrema are detected. It can prevent the
switch from over-frequent on-and-off actions and
consequently increase the stability and control performance

of the control system. Hence a switching signal is generated
only when the following condition is satisfied in addition to
Eq. (4):

tL—t>1, (5)

where # is the time of the previous switching point.
Parameter 7 should be smaller than half the period of
vibration to be controlled.

As shown in the experimental results later, the above
algorithm is effective in increasing the control performance
because the sensor noise in the self-sensing actuator is
generated by the switching actions. If the switch can be
kept inactive at the subsequent extrema induced by a
switching action, the problem of over-frequent switching
actions can be solved in the self-sensing SSDI approach. In
a general case, the above algorithm may not work
effectively because it may prevent the switching from
actions at real extrema of displacement or strain. In that
case, it can be combined with other algorithms, e.g., with a
displacement threshold criteria. That is, in addition to the
above condition, switching actions only take place when
displacement satisfies

lul > 14, (6)

where u,, is the displacement threshold for switching action.
The displacement threshold in a real system should be
adjusted automatically according to the vibration level and
control state as shown in Ref. [18].

3.4 Experimental setup for control

The schematic of the experimental setup is shown in Fig.
6. One end of the beam is clamped and the other is free.
The piezoelectric patches are located near the clamped end,
where the maximum strain is induced. The geometrical
parameters and physical properties of the piezoelectric
patches and the beam are listed in Tables 1 and 2. The
detailed configuration of the composite beam is given in'*™,
In the experiment, the beam is excited at the first resonance
frequency of the beam, which is 11 Hz.

Additional PZT

as a sensor
o
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Switch
Control

fﬂc}‘/ Inductor
[

Fig. 6. Schematic of the experimental setup

Self-sensing

Table 1. Material properties of the piezoelectric patch
Material properties Values
Elastic modulus E/GPa 59
Poissonratio v 0.345
Density p /(kg*m™) 7.4x10°
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e 5
Thickness //mm 0.2
Piezoelectric constant 2 6x107
ds/(mm « V') ’
Capacitance Cy/ nF 141

For comparison purpose, control experiments using both
self-sensing technique and a separate sensor were carried
out. In the control experiments by using self-sensing
technique, the top piezoelectric patch is used as a
self-sensing actuator. In the control experiments by using a
separate sensor, the top piezoelectric patch is used as an
actuator and the bottom one is used as a sensor. The SSDI
control system is implemented in a digital signal processing
(DSP) environment based on the dSPACE board DS1103.
The voltage signal from the piezoelectric patch is converted
to digital and sent to the DSP system. The extrema of the
voltage signal are detected using Eq. (4). When the
classical switch control algorithm is used, a switching
signal is generated at each detected extremum. However,
when the improved switch control algorithm is used, a
switching signal is generated only when both Egs. (4) and
(5) are satisfied. Control experiments were carried out
using the different combinations of the two sensing
approaches and the two switch control algorithms and their
results are compared.

Table 2. Material properties of the composite beam

Material propertie Value
Elastic modulus E;/GPa 16.5
Elastic modulus E,/GPa 35.2
Poisson ratio v 0.109
Shear modulus G/GPa 12.5
Density  p /(kg+m™) 1.8x10°
Thickness A/mm 1.2

4 Results and Discussion

4.1 Results of the SSDI control using a separate sensor

First, experiments using a separate sensor and the
classical switch were performed. The voltage on the sensor
piezoelectric patch is shown in Fig. 7 (a). Since the voltage
on the sensor piezoelectric patch is proportional to the
strain, it can be used to evaluate the control performance.
The amplitude of voltage on the sensor piezoelectric patch
is reduced from 25.7 V to 19.2 V. It means that the strain
amplitude or displacement amplitude of vibration has been
reduced by 25 percent.

The voltage on the actuator piezoelectric patch is shown
in Fig. 7 (b). Although the maximum voltage has become
smaller, its phase has shifted 90° so that the force produced
by the voltage is always opposite to the velocity of
vibration. It can also be found from the voltage on the
actuator piezoelectric patch that two or more switching
actions occur at most of the strain extrema. The extra
switching actions can be attributed to the noise in the

voltage signal of the sensor piezoelectric patch as shown in
Fig. 7(a). It is not difficult to understand that the noise in
the sensor signal is induced by the sudden change of
voltage on the actuator piezoelectric patch, which induces a
sudden change of the local strain around the actuator
piezoelectric patch. Since the sensor piezoelectric patch and
actuator piezoelectric patch are located at the same position,
the strain change is reflected in the voltage signal of the
actuator piezoelectric patch. The spectrum of the sensor
signals with and without control is shown in Fig. 8. The
reduction of sensor voltage is 2.354 dB.
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(a) Voltages on the sensor piezoelectric patch

(b) Voltages on the actuator piezoelectric patch

Fig. 7. Voltages on the sensor and actuator piezoelectric patches
using a separate sensor and the classical switch
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Fig. 8. Spectrum of the sensor voltage using

a separate sensor and the classical switch

Next, control experiments using a separate sensor and
the improved switch were performed. The voltage on the
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sensor piezoelectric patch is shown in Fig. 9(a) and the
voltage on the actuator piezoelectric patch is shown in Fig.
9(b). The inactive period 7 is set to 0.002 5 s. Figure 9 (b)
shows switching actions have been
prevented and that not only the phase of the voltage on the
actuator piezoelectric patch has been shifted by 90°, but
also its amplitude has been amplified to 18 V due to the
suppression of unnecessary switching actions.

that excessive

40

---Without control
30t — Controlled

Voltage on sensor piezo patch V/V

0.1 0.2 0.3 0.4 0.5
Sampling time t/s

(a) Voltages on the sensor piezoelectric patch

(b) Voltages on the actuator piezoelectric patch

Fig. 9. Voltages on the sensor and actuator piezoelectric patches
using a separate sensor and the improved switch

The sensor signal in Fig. 9(a) shows that the sudden
change of voltage in the sensor piezoelectric patch induced
by the voltage inversion in the actuator piezoelectric patch
still exists, but better control is achieved due to suppression
of unnecessary switching actions. Fig. 10 shows the
spectrum of the sensor voltage with and without control.
The amplitude of the sensor voltage is reduced by 5.74 dB
using a separate sensor and the improved switch, which is
better than that achieved using the classical switch.

10

Without control
—Controlled

=
(=) (=)

Voltage amplitude V,/dBV
b
S

6 8 lb 12 1‘4
Vibration frequency f/Hz

Fig. 10. Spectrum of the sensor voltage using a separate
sensor and the improved switch

4.2 Results of the SSDI control using a self-sensing
actuator

In the experiments of SSDI control using the self-sensing
technique, the top piezoelectric patch was used as a
self-sensing actuator. The bottom piezoelectric patch was
only used as a sensor for the evaluation of control
performance. The voltage on the sensor piezoelectric patch
is shown in Fig. 11(a) and the voltage on the self-sensing
actuator is shown in Fig. 11(b) when using the classical
switch. The amplitude of voltage on the sensor
piezoelectric patch is reduced from 25.7 V to 16.6 V. The
sensor voltage with control in Fig. 11(a) is very similar to
that in Fig. 7(a), but a little better control performance is
achieved due to fewer excessive switching actions with the
self-sensing actuator. It means that the self-sensing actuator
gives better quality of sensor signal than the separate
piezoelectric patch sensor does. Fig. 12 shows the spectrum
of the sensor voltage with and without control. The
amplitude of the sensor voltage is reduced by 3.194 db
using a self-sensing actuator and the classical switch, which
is better than that achieved using a separate piezoelectric
patch sensor.

40

‘ ---Without control
30- —Controlled

Voltage on sensor piezo patch Vs /V

0 0.1 02 03 04 05
Sampling time ¢/s

(a) Voltages on the sensor piezoelectric patch

(b) Voltages on the actuator piezoelectric patch

Fig. 11.  Voltages on the sensor and actuator piezoelectric
patches using self-sensing technique and the classical switch

The voltage on the sensor piezoelectric patch is shown in
Fig. 13(a) and the voltage on the self-sensing actuator is
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shown in Fig. 13(b) when the self-sensing technique is
combined with the improved switch. The inactive period
is set to 0.002 5 s. The amplitude of voltage on the sensor
piezoelectric patch is reduced from 25.7 V to 12.7 V. Fig.
13(b) shows that all the unnecessary switching actions have
been prevented and that the amplitude of actuator has been
amplified to 18.5 V due to the suppression of unnecessary
switching actions, which is the same as that in the case
using a separate sensor.
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Fig. 12.  Spectrum of the sensor voltage using self-sensing

technique and the classical switch
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(a) Voltages on the sensor piezoelectric patch

(b) Voltages on the actuator piezoelectric patch

Fig. 13.  Voltages on the sensor and actuator piezoelectric
patches using self-sensing technique and the improved switch

Fig. 14 shows the spectrum of the sensor voltage with
and without control. The amplitude of the sensor voltage is
reduced by 5.77 db using a self-sensing actuator and the
improved switch, which is the same as that achieved using
a separate piezoelectric patch sensor.

From the above experimental results, we can conclude
that the self-sensing technique proposed in the study is

effective when it is applied to SSDI control. By using the
self-sensing technique, the number of piezoelectric patch
can be reduced. Since no extra hardware or software is
required in the self-sensing technique, it is easy to
implement and can easily be applied to the self-powered
SSDI control systems, which have been proved possible in

the former studies”.
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Fig. 14. Spectrum of the sensor voltage using self-sensing
technique and the improved switch

5 Conclusions

(1) A self-sensing semi-active vibration control approach
based on a self-sensing piezoelectric actuator and the
semi-active synchronized switch damping on inductance
(SSDI) method is proposed and applied in the vibration
control of a composite beam.

(2) The self-sensing actuator functions as both a sensor
for detection of strain extrema and an actuator for vibration
suppression so that no external displacement sensor or
additional piezoelectric element is needed for measurement
of the displacement or strain.

(3) An improved switch, which can prevent the shunt
circuit from over-frequent on-and-off actions, is also
proposed to improve the control.

(4) The experimental results show that the self-sensing
SSDI approach gives better control performance than the
traditional SSDI using an additional piezoelectric element
as a sensor when they are combined with a classical switch,
and the same control performance when they are combined
with the improved switch.
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