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Abstract

Elastic metamaterials, which have huge potential in wave guiding and attenuation applications, can be built from
structures with periodic piezoelectric patch arrays. Passive shunts offer the benefits of simplicity and low cost. In this
paper, the effects of the magnitude and phase angle of the shunt impedance on the attenuation constant of a beam
with periodic piezoelectric patch arrays were studied in order to determine the optimal shunt that produces the widest
and most effective band gaps. The attenuation constants were found to be large when the phase angle is 5 rad and
when the magnitude decreases exponentially with the excitation frequency. This corresponds to a negative capacitance
circuit, which is the optimal shunt for such systems. The attenuation constant of the system reduces significantly when
the impedance deviates from the optimal value suggesting other circuits are less effective. The impedance and band
structure of resistive-inductive (R-L), negative capacitance and resistive shunts were investigated. As expected, the
negative capacitance circuit produces a large band gap, while the R-L circuit only produces a band gap around its
natural frequency. The transmissibilities of a finite system with these circuits demonstrated that vibration transmissions
are low within the band gaps.
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Band gap, Bloch wave theory, band structure, phononic crystals, elastic metamaterials, periodic structures, piezoelectric
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Introduction frequency ranges in which wave propagation cannot occur,
to attenuate elastic waves without targeting a given mode
of vibration (Spadoni et al. (2009)). This strategy results in
broadband vibration attenuation as opposed to damping at
specific frequencies typical of conventional systems. Two
common circuits used to introduce band gaps are the R-L
circuit (Spadoni et al. (2009); Airoldi and Ruzzene (2011);
Chen et al. (2013a)) and the negative capacitance circuit
(Tateo et al. (2014); Beck et al. (2012)). For the R-L circuit,
the band gaps are created via the local resonant mechanism
in elastic metamaterials proposed by (Liu et al. (2000))
with the periodic piezoelectric patches acting as the tuned
resonators. Negative capacitance shunts on the other hand
have been known to reduce vibrations over a large range
of frequencies. This is done by tuning the capacitance of
the shunt to values close to the capacitance of the shunt so
that the effective stiffness of the patch defined by Eq. (1)
(Hagood and von Flotow (1991)) is sufficiently large to
prevent motion from passing through. Hence, by using a
periodic piezoelectric patch with negative capacitance, large
mechanical impedance mismatch can be achieved to create
wide band-gaps for vibration attenuation.

Piezoelectric patches have been widely considered in
vibration damping and control applications in structures
as they have the ability to convert electrical energy to
mechanical energy and vice versa (Hagood and von Flotow
(1991)). This allows the implementation of a variety of
control strategies to damp vibrations. The passive shunt
configuration, in which the piezoelectric patch is connected
to a passive circuit, is considered to be one of the
simplest control system because it avoids the need of
complex amplifiers and sensing equipment (Hagood and
von Flotow (1991)) required in active control strategies.
Several configurations of passive piezoelectric patches have
been proposed, for example the resistive-inductive (R-L)
circuit (Hagood and von Flotow (1991)) that acts as a
dynamic vibration absorber reducing vibrations at the tuned
frequencies. Later studies have introduced other circuits for
shunted piezoelectric patches that makes use of different
concepts, including multiple resonating circuits (Wu and
McDonnell (1996); Behrens et al. (2003)) and negative
capacitance shunts (Beck (2012)).

With increasing interest in elastic metamaterials, piezo-
electric patches arranged in periodic arrays (Thorp et al.
(2001); Spadoni et al. (2009); Airoldi and Ruzzene (2011);
Chen et al. (2013a,b); Casadei et al. (2012)) have been
studied in order to create elastic metamaterials with tun-  'Imperial College London, UK
able banq gaps, whi.ch is a desired proper.ty for this .class Corresponding author:
of materials (Hussein et al. (2014)). Unlike conventional | ee junyi, Imperial College London, Mechanical Engineering Depart-
configurations for vibration attenuation, the periodic shunted  ment, South Kensington Campus, London SW7 2AZ.
piezoelectric patch arrangement creates band gaps, which are  Email: junyi.lee108@imperial.ac.uk
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where Ef U is the effective Young’s Modulus of the
piezoelectric patch, EZP is the Young’s Modulus of the
piezoelectric patch at constant electrical displacement, w
is the excitation frequency, ks; is the electro-mechanical
coupling coefficient, C} is the capacitance and Z SU is the
impedance of the shunt.

Since the shunt parameters, which are the inductance, L,
capacitance, C, and resistance, R, will affect the vibration
attenuation performance of the periodic arrays, many studies
(Thorp et al. (2001); Spadoni et al. (2009); Chen et al.
(2013a)) have analysed the effects of these parameters on the
band gap width, location, and magnitude of the attenuation
constants for plates or beams with periodic piezoelectric
patches. However, in those studies, the shunting circuit was
selected prior to the analysis of the effects of the parameters
on the band gaps. This limits the analyses to the selected
circuit while neglecting the possibility that other circuit
configurations might have better performance. Regardless of
the selected circuit, the electrical impedance of the passive
shunt, Z5Y, can be expressed in terms of only the magnitude,
a, and the phase angle, ¢, using Eq. (2).

Z9U — g . ¢? 2)

Therefore, the wave attenuation characteristics of all
possible passive shunts can be studied by analysing only
a and ¢. Hence, a map of the attenuation constant over
a range of frequencies and shunt impedances will provide
valuable information to the design of shunts for elastic wave
attenuation using periodic shunted piezoelectric patches. In
this study, the attenuation constants for a beam with periodic
piezoelectric patches will be calculated over a range of
magnitudes and phase angles of the shunt impedance. The
map of the attenuation constants will then be analysed to
devise design strategies for the passive shunts.

This paper is organised as follows. Firstly, the beam
and piezoelectric parameters, the models for the beam and
piezoelectric patches, and the method used to calculate the
attenuation constants will be described. After that, a map,
which is a volume visualisation of the attenuation constants
with respect to excitation frequency, magnitude and phase
angle of shunt impedances will be presented. Then, the
trends observed in the map and a suitable design strategy for
the passive shunt will be discussed. Additionally, the band
structure of the R-L and negative capacitance shunts will be
discussed with regards to the map, and the optimal shunt
configuration will be found.

Description of beam and models
Beam geometry

An infinite beam with piezoelectric patches, as seen in Fig. 1,
was studied. A beam was selected instead of a plate mainly
because the elastic wave in a beam only travels in a single
direction, which simplifies the study as only the attenuation
constant in one dimension needs to be considered. Maps for
plates that have additional dimensions can be found using the

same analysis and similar trends are expected to be found for
plates with similar configurations.

Piezoelectric patch h ZSU Shunting circuit
[ 4

hy ¢ . | Base beam

4_,7 hy
Wt =

Ly Loy

Figure 1. Infinite beam with periodic piezoelectric patch (a) A
structure with infinitely repeating unit cells (b) A single unit cell.

The properties of the piezoelectric patch and beam used in
this study are listed in Table 1 while the geometry of the unit
cell is listed in Table 2. The shunting circuits for the top and
bottom piezoelectric patch were set to be identical.

Beam and piezoelectric model

The model proposed by Ha (2001) was used to model the
beam and piezoelectric patch in this study. This model was
selected mainly because the Timoshenko beam model, which
takes into account rotational inertia, results in more accurate
predictions, especially at higher frequencies. Additionally,
the model proposed by Ha (2001) allows the piezoelectric
patch to be used as both sensor and actuator, which allows
the same model to be used in future studies involving active
control.

In the Ha (2001) model, the dynamic behaviour of the
piezoelectric patch and the beam, using the sign convention
shown in Fig. 2, is described by the transfer matrix in Eq. (3).

V(t)+
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Top|piezoelectric patch
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Figure 2. Piezoelectric patch and beam model.
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where the terms are described by Eqs. (4) to (10); the terms
within the dynamic stiffness matrix, D, in Eq. (4) are listed
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Table 1. Properties of piezoelectric patch and base beam.

Property Piezoelectric patch (PI Instruments (2014)) Base beam
Material PIC 155 Aluminium
Density, p (kg m~3) 7800 2700
Young’s modulus, F (GPa) 66.7 (Short circuit) 69.0
Shear modulus, G (GPa) 24.1 (Short circuit) 25.9
Shear coefficient, 0.85 0.85
Relative permittivity at constant stress, 6% 2400 N/A
Piezoelectric voltage coefficient, d3; (x10712 C N1) 2210 N/A
Table 2. Geometries of piezoelectric patch and base beam.

Dimension Piezoelectric patch Base beam

Height, A (mm) 0.5 3

Width, b (mm) 20 20

Length, L (mm) 20 20 (Portion without piezoelectric patch)

in the appendix.

isz 0 PN

D= 0 wZr Pr 4)

P PL C
Fy=[-N©0) N0 )
Fp=[-M(0) —R(O) M@ RQ]" ©
1=t 11" )
Uy = [u(0) u()]” @®)
Up=1[000) W) 61 wnl" 9)
v=[vt v]" (10)

where 0 is a matrix of zeros, the superscript T denotes
transpose of a matrix, N are the axial forces, [ is the length
of the component, M are the bending moments, R are the
transverse forces, I are the currents, the superscripts ¢ and b
refers to the top and bottom patch respectively, u are the axial
displacements, 6 are the angles of rotation due to bending, W
are the transverse displacements, and V" are the voltages.

For the portion of the beam without piezoelectric patches,
the electrical components of the matrices in Eq. (3), which
areI, V, Py, Pp, and C, were omitted. Furthermore, since a
passive shunt was used and the piezoelectric components are
not powered by an external voltage or current source, Eq. (3)
can be simplified to Eq. (11), so that only the mechanical
components are present as seen in Eq. (12).

V—12V =0 (11)
Fy| Uy
] e
where
o inN 0 .
D?‘_{ 0 z‘sz}

Py 0| ([c -1 '[-PT PT 3
Pr 0 0 z%1 0 1 (13)

where 1 is the identity matrix.

Transfer matrix method to calculate band
structure and attenuation constant

In this study, the Floquet-Bloch theorem (Brillouin (1946)),
described by Eq. (14), was used to determine the wave
propagation characteristics of the beam with periodic
shunted piezoelectric patches.

Uz + L) = \U(x) = e* U (z) (14)

The term k in Eq. (14) is known as the wave vector
and it can be a complex value with imaginary, ¢, and real,
1, parts, which are commonly known as the attenuation
and propagation constants respectively. The propagation
constant, u, describes the phase shift, while the attenuation
constant, §, describes the amount of attenuation that the
elastic wave experiences as it passes through the unit cell.

The transfer matrix method described by Eq. (15) was
used to find the wave vectors in this study mainly because
it is capable of determining the complex wave vectors.
This capability is essential as the shunted piezoelectric
patches will provide intrinsic damping, which will lead to
the wave vectors being complex. Additionally, the vibration
attenuation performance of the piezoelectric patches are to
be evaluated using the attenuation constants. Eq. (15) is an
eigenvalue problem that can be easily solved. Furthermore,
since only the bending waves are of interest, the axial
components in Eq. (3) and Eq. (12) were ignored.

Ugr o U _ Ug
-]

where T is the transfer matrix, U are the displacement
matrices, F' are the force matrices and the subscripts L and
R denote the left end and the right end of the beam.

In this study, the portions of the beam with and without
the piezoelectric patches were treated as two separate beams,
each having its own dynamic stiffness, in which continuity
and dynamic equilibrium are enforced at the interface. An
effective dynamic stiffness, ]3, for the single unit cell can
then be found after simplifying and rearranging the matrix
into the form shown in Eq. (16).
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F U,
0| ~|U;
0 =D F, (16)
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where the subscript I denotes the internal nodes.
Grouping the interface displacements and forces as a
single matrix, Eq. (16) can be written as Eq. (17).

Fr | U
O == D U,F[
Fr Ug
i . 17)
Drr Drs Dirr Ug
= |Drr Dir Drr| |UF,;
Drr Dgr: Dgrpr Ugr

Using the steps taken by Spadoni et al. (2009), the transfer
matrix, T, in Eq. (15) can be found as follows.

—1 —1
—Qp R QLL xR
T = ( -1 ) 1 ] (18)
QR R\ ROL,L| — QR —OR RO R

where _ _
o, =Dr . —Dr; ( ) (19)
arr=Drr—Dr; ( ) (20)
aRL—DRL_DRI(D[[DIL) (21
QR R = ﬁR,R —Dxg (ﬁi}ﬁI,R) (22)

A Matlab script was written to perform the required
calculations to find the wave vectors, k, from the equations
stated.

Map calculations

A common criterion used to quantify the effectiveness
of wave attenuation within a phononic crystal or elastic
metamaterial is the attenuation constant or the imaginary part
of the wave vector, §. As there are 4 waves (2 incident and 2
reflected waves) that are present in the transverse bending of
a beam, there will be two sets of wave vectors and hence two
sets of attenuation constants, d, that characterises the waves.
Here, the attenuation constant with the lowest magnitude will
be used to quantify the wave attenuation properties because
the waves with large attenuation attenuate more rapidly.

The attenuation constants, d, for the beam configuration
described previously was evaluated for a range of frequencies
from 1 Hz to 15000 Hz, and shunting impedance defined
in Eq. (11), with magnitudes, a, from 1 to 5000 V A~!
and phase angle, ¢, from —m to 7w rad. This enables the
attenuation constants for all possible shunting circuits to be
determined and the best possible shunt configuration can be
identified.

In order to conserve computing resources and time,
these attenuation constants were first evaluated at larger
intervals for the phase angle and magnitude, which are
15 rad and 10 V A~L. It is important to point out that
despite the large intervals taken for the magnitude and phase
angle, the number of points that were evaluated is still

very large (21 x 500 x 15000 = 1.575 x 108), where the
attenuation constants were evaluated at every 1 Hz frequency
interval. The attenuation constants in regions that have
interesting features were then evaluated at smaller intervals
of magnitude and phase angle.

Results for attenuation constant map

Volume plot of attenuation constant

A volume plot mapping the attenuation constant over a range
of frequencies, magnitudes and phase angle of the shunt
impedance is shown in Fig. 3. Due to the large intervals in
a and ¢ used in finding the attenuation constant, the plot in
Fig. 3 was generated by first smoothing the 3D data using the
smooth3 function, then plotting the data using the isosurface
function in Matlab (Mathworks (2014)).

In Fig. 3, each surface corresponds to a region with a
constant attenuation constant, and the colour of the surfaces
describes the magnitude of the attenuation constant for
the isosurface. One observation that can be made from
Fig. 3 is that there is a region from 4135 to 4375 Hz
that has attenuation constants of above 0.025 regardless
of the impedance of the shunt. The band gap produced at
these frequencies is a Bragg gap, which is a result of the
discontinuity in wave speed along the beam caused by the
addition of the piezoelectric patch.

Another interesting observation in Fig. 3 is that
there is a region centred around ¢ = 5 rad with high
attenuation constant above 0.2, suggesting very effective
wave attenuation. This region will be referred to as the high
attenuation zone herein. Additionally, the frequencies of the
high attenuation zone appear to be decreasing exponentially
with increasing magnitude of shunt impedance. This trend
observed in Fig. 3 can be used to devise a strategy for
the design of passive shunts to create effective band gaps.
As seen in Fig. 3, the ideal passive shunt should have an
impedance (both magnitude and phase angle) that follows
the dark red region over the range of frequencies.

15000 \/’\
f i 19

W =002
|| =005
[0 -1 =0.100

1] =0.200

10000 + 1| = 0.400

Surface with equal
values of attenuation
constant

Frequency, f (Hz)

5000 -]

0 6000

Phase, ¢ (rad) 5 0 2000
Magpnitude (V A™")

4000

Figure 3. Isosurface plot of attenuation constant for different
values of a and ¢ over a range of frequencies.
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In order to investigate the trends further, a contour plot of
the attenuation constants at a constant frequency, selected to
be 6000 Hz, is plotted in Fig. 4 to deduce the optimal phase
angle for the shunt. As seen in Fig. 4 (a), the attenuation
constant is maximum at a phase angle of ¢ = 7 rad. Since
large intervals of ¢ were used in the calculations for Fig. 4
(a), the analysis was repeated with smaller intervals of 0.01
rad around ¢ = 7 rad in order to get a detailed representation
of the attenuation constant. The contour plot with smaller
intervals is shown in Fig. 4 (b) and the maximum attenuation
constant still occurs at a phase angle of ¢ = 7 rad. The
phase angle of ¢ = 7 rad suggests that the impedance of the
optimal shunt is purely imaginary and has a positive value as

described by Eq. (23).

ZOptimum = a(w) - J (23)

where a is a positive value denoting the magnitude of the
impedance.

Additionally, as seen in Fig. 4 (b), the attenuation constant
is very sensitive to both the magnitude and phase angle of the
shunt impedance as the it decays rapidly from the optimal
value. After establishing that the optimal shunt will have a
phase angle of ¢ = 7 rad, a contour plot of the attenuation
constant at ¢ = g rad, as shown in Fig. 5, was investigated.
This is to determine the trend of the attenuation constant with
the magnitude of the shunt impedance. As seen in Fig. 5,
the frequencies of the high attenuation zone appear to be
decreasing exponentially with the magnitude of the shunt
impedance described by Eq. (24).

1
f - n
2B -a
where a is a positive value denoting the magnitude of the
impedance and B and n are constants.
Since the phase angle is ¢ = Z rad, the optimal shunt is

2
likely to follow the equation described by Eq. (25).

(24)

I _fon (25)

Z f—
2rB

where B is a constant.

If the value of n is unity in Eq. (25), this becomes the
equation for the impedance of a negative capacitance circuit,
shown in Eq. (26), which is similar to the circuits studied in
(Chenetal. (2011); Tateo et al. (2014); Casadei et al. (2012)),
but without any resistors in the circuit,

1
Z-_ -
Qij(*Cp)

where C), is the magnitude of the negative capacitance shunt.

The dashed line in Fig. 5 denotes the impedance of a
negative capacitance shunt with the capacitance of —15.5
nF, and it overlaps with the high attenuation zones. This
suggest that negative capacitance shunts are highly suitable
candidates to attenuate waves for periodic piezoelectric shunt
configurations. This result is consistent with Eq. (1) although
a different model for the piezoelectric patches was used.
Furthermore, based on the current analysis and Fig. 3 to
Fig. 5, the attenuation constants for the beams were found
to be sensitive to the shunt impedance and the attenuation
constant will reduce significantly when the impedance of

(26)

the shunt deviates from the optimal value. Therefore, for a
beam with periodic shunted piezoelectric patches, the ideal
strategy is to match the impedance of the shunts to the
values in the high attenuation zones across a large range of
frequencies. Based on the results from Fig. 5, the optimal
type of shunt will be that of a negative capacitance. In order
to demonstrate this, the band structure of a periodic beam
with piezoelectric patches using an R-L shunt and a negative
capacitance shunt will be compared.

2.2
14000 f
’ 2
12000 18
16
10000}
z 1.4
% 8000}
ac) 1.2
> 1
€ 6000} 1Z] =57l 1
C =15.5nF
0.8
4000}
Bragg gap 06
2000
0.4
. . . . 02
0 1000 2000 3000 4000 5000

Magnitude (V A™")

Figure 5. Contour plot of attenuation constant with varying
values of a over a range of frequencies at ¢ = 7.

Comparison between R-L shunt and
negative capacitance shunts

According to the findings in the previous section, the
shunting circuit should have impedance with a phase angle
of 5 rad and a magnitude within the high attenuation zone
shown in Fig. 5 to attenuate elastic waves with band gaps.
In order to demonstrate that this is the case irrespective
of the type of shunting circuit, the band structure and the
transmissibilities of a finite periodic beam with different
circuits will be investigated: a resistive-inductive (R-L)
circuit, a negative capacitance shunt and a single resistor.
These circuits have been considered in previous studies to
generate band gaps with periodic piezoelectric patches.

The resistor for the R-L circuit was set to have a low
resistance of 0.1 m{2, and the inductance was set to be 23.28
mH, to give a resonant frequency of 8000 Hz for the shunting
circuit according to Eq. (27) (Chen et al. (2013b)). For the
negative capacitance circuit, a low resistance of 0.1 m{2 was
set and the capacitance was set to be -15.5 nF to give the
impedance that overlaps with the high attenuation region in
Fig. 5. Lastly, the resistor only circuit was set to have a
resistance of 1 2.

1
n = ——F——= 27
f 2m\/LC, @D
where f,, is the natural frequency of the shunt and
piezoelectric patch circuit and L is the inductance.
Since the R-L and negative capacitance circuits have
negligible resistance, the phase angle of the impedance for
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Figure 4. Contour plot of attenuation constant with varying values of a and ¢ at 6000 Hz. (a) Results from coarse sweep (b)

Results from fine sweep.

the shunting circuits will be close to 5 rad, while the phase
angle of the impedance of the resistive shunt will always be
0 rad. Since the phase angle of the resistive shunt is far from
the optimal value of 7 rad, it will not produce any band gaps
with the exception of the Bragg gap shown in Fig. 3. The
band structure of the resistive circuit plotted in Fig. 6 shows
that this is the case, where there is only a small band gap at
4151 to 4363 Hz.

15000

4500
4450

T T
—Imaginary Part
—Real Part

4400)

4350)

4300]

4250

4200

4150
4100
4050

4000
-0.05 0 0.05

10000

Frequency (Hz

5000,

5 6

2

-3 3 4
|[Re(k - L)|

2 A
—|Im(% - L)|

Figure 6. Band Structure of beam with 1 2 resistor.

The magnitudes of the impedance for the R-L and negative
capacitance shunts are plotted along with the contours of
the attenuation constants in Fig. 7. As seen in Fig. 7, the
magnitude of the impedance of the negative capacitance
circuit is within the high attenuation zone at frequencies
above the Bragg gap and the impedance is on the boundary
of the high attenuation zone at frequencies below that. Based
on this result, the negative impedance circuit is expected to
produce band gaps across the entire frequency range, which
is the case as seen in the band structure shown in Fig. 8,
where the imaginary part of the wave vectors above 4151

Hz is large. It is important to note that the imaginary part
of the wave vectors at frequencies below 4151 Hz is very
low but not zero, indicating that there is effectively no band
gap at the lower frequencies. The negligible values of the
imaginary part of the wave vectors at lower frequencies is
a result of the impedance being close to the boundary of
the high attenuation zone and as discussed in the previous
section, the attenuation constants are very sensitive to the
impedance and decays rapidly when the impedance deviates
from the optimal value which is the case at lower frequencies.

15000 — T T T 22
|
Impedance of R-L shunt (magnitude) 2
L=23.28 mH, R=0.1 mQ, f,=8000 Hz
1.8
Band gaps appear
when impedance is within
high att ti 18
10000 b igh attenuation zones
N Impedance of negative capacitance shunt 1.4
T -8§7:2: ettt (magnitude), C=15.5 nF ’
oy 8292
S 1.2
3 High attenuation zones
o
o 1
N . .
[ N Gap from stiffiness difference
5000 1
0.8
- 0.6
Impedance of at the edge 0.4
of the high attenuation zones :
at low frequencies
0 N N s N 0.2
0 1000 2000 3000 4000 5000

Magnitude (V A"1)

Figure 7. Contour plot of attenuation constants with varying
values of a over a range of frequencies at ¢ = 7 with different
circuit configurations.

Furthermore, according to Fig. 7, the magnitude of the
impedance of the R-L circuit varies linearly with excitation
frequency. The impedance also overlaps with the high
attenuation zones at frequencies in between 8292 and 8572
Hz, which is around the tuned resonant frequency of 8000
Hz. In short, the impedance of the R-L circuit will overlap
with the high attenuation zone around the tuned frequency.
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Figure 8. Band structure of beam with negative capacitance
shunt.

Therefore, a band gap at this frequency range is expected
and this is confirmed by inspecting the band structure of the
periodic beam with the R-L shunt in Fig. 9. As seen in Fig. 9
there is a band gap in between frequencies of 8292 and 8572
Hz and a smaller Bragg gap at 4151 to 4319 Hz.
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Figure 9. Band Structure of beam with R-L shunt.

The transmissibility curve defined as the magnitude of the
ratio of the transverse displacements at the last node to that
of the first node, for a finite periodic beam with 10 unit cells
is shown in Fig. 10. The values calculated in Fig. 10 is for
a free-free beam with a transverse force applied at one end
of the beam. As seen in Fig. 10, there are no significant
attenuation observed at frequencies where the imaginary
wave vectors have very low values for all three circuits,
for example the transmissibilities are still high at 4151 to
4363 Hz although there is a Bragg gap present. However,
the transmissibilites are very low for regions where the
imaginary wave vectors are large, for example at frequencies
above 4151 Hz for the negative capacitance circuit and at
frequencies in between 8292 to 8572 Hz for the R-L circuit.
This result demonstrates the effectiveness of utilising the

band gaps produced with the periodic shunted piezoelectric
patches to attenuate elastic waves and vibrations.

The key finding from the analysis performed in this section
is that effective band gaps will only be present when the
phase angle of the shunt impedance is close to 7 rad and
the magnitude must overlap with a region of high attenuation
constants. Since the only region with high attenuation
constant follows a trend where the magnitude decreases
exponentially with the frequency, the only method to produce
a band gap is to have the shunt impedance be in this region.
This applies to all types of shunting circuits, including
the R-L circuit that only produces the band gap when its
impedance is within the attenuation zone. Therefore, in order
to produce band gaps using periodic shunted piezoelectric
patches, one should always set the impedance of the shunt to
be within the high attenuation zone, which can be estimated
by the impedance of a negative capacitance circuit with the
magnitude of capacitance being approximately the value of
the piezoelectric patch. Furthermore, based on the trends of
the impedance of the R-L and negative capacitance shunts,
it can be deduced that the negative capacitance shunts are
capable of producing large band gaps compared to the R-L
shunts as observed in Fig. 7, where the R-L shunt only has a
small region of overlap.

Lastly, an important point to note is that the analyses
done in this study did not take into account other issues,
such as control system instabilities (Beck (2012)), the power
consumption of the shunts, the operational limitations of
the control system and circuits, and other factors that may
be present in the practical implementation of such systems.
Hence, care must be taken and some of these factors must
be considered before implementing the system in practice.
Despite the simplifications made in these analyses, the
findings in this study give an overview of the general trend of
the attenuation constants across all ranges of passive shunts
for beam structures with periodic piezoelectric patches and
the shunt design strategy described earlier can serve as a
general guide in selecting the optimal shunts.

Summary and conclusion

Piezoelectric patches arranged periodically across a structure
can be used to generate band gaps that are capable of
attenuating vibrations when an appropriate shunting circuit
is used. Since only two parameters, which are the phase
angle, ¢, and magnitude, a, of the impedance, are required
to characterise the entire shunt, the optimal shunt can be
found by studying the attenuation constants across a range
of frequencies for a beam with periodic piezoelectric patches
across an entire range of ¢ and a.

Based on the volumetric plot showing the attenuation
constants for different values of the excitation frequencies,
phase angles and magnitudes of the shunt impedance, the
optimal impedance was found to have a phase angle that
is equal to 5 rad and has a magnitude that decreases
exponentially with frequency. The optimal impedance was
found to be similar to a negative capacitance shunt with
a magnitude of capacitance that is approximately the
capacitance of the piezoelectric patch. Additionally, a Bragg
gap that is independent of the shunting circuit was found in a
frequency range of 4151 to 4363 Hz. Since the attenuation

http://mc.manuscriptcentral.com/jimss

Prepared using sagej.cls

Page 9 of 24



Page 10 of 24

©CoO~NOUTA,WNPE

8

Journal of Intelligent Material Systems and Structures

Journal Title XX(X)

10° T T
+«—Band Gap for R-L Shunt
10°
9o
3|8
2
5
8
£
(2]
C
g
= 10°F 9
Band Gap for
Negative Capacitance
Shunt
0/ —Resistor Only
—R-L Shunt
—Negative Capacitance Shunt
10.10.........|. PO [ o e T T S T E—
0 5000 10000 15000

Frequency (Hz)

Figure 10. Transmissibility curve for different circuits.

constant is very sensitive to the changes in impedance
and reduces significantly when the impedance of the shunt
deviates from the optimal value, a negative capacitance shunt
will give the largest band gap as it is similar to the trend of
the optimal impedance.

The band structures and impedances of several types of
circuits, which are the R-L shunt, negative impedance shunt,
and resistive shunt, have been studied. The resistive shunt
was found to not produce any significant band gap as the
phase angle of the resistor will always be constant at O rad.
Conversely, the R-L and negative capacitance circuits have
phase angles of 5 rad as they have negligible resistance.
Therefore, these circuits are able to produce band gaps over
a range of frequencies.

The negative capacitance shunt was found to produce
a large band gap at frequencies above 4151 Hz as the
impedance of the shunt is near the optimal value, while at
frequencies below 4151 Hz the impedance is at the boundary
of the attenuation zone and the attenuation constant is
negligible in this case. On the other hand, the R-L circuit was
found to have impedances within the high attenuation zone
around the tuned resonant frequency of 8000 Hz. The band
gaps for the R-L circuits only appear within the frequency
range where the impedance of the shunt overlaps with the
high attenuation zones. This result suggests that regardless
of circuit, one should set the impedance of the circuit to
the values within the high attenuation zones to attain the
most effective elastic wave attenuation with periodic shunted
piezoelectric patches. Despite not taking into account some
practical limitations, such as control system instabilities, the
power consumption of the shunts, etc., the general trends of
the attenuation constant with respect to the shunt parameters
have been found and a strategy for designing the shunt for
periodic piezoelectric patches was devised.
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Appendix: Terms in the transfer matrix

The terms in the dynamic stiffness matrix, D, in Eq. (3) are
as follows (Ha (2001)).

Zy is a 2 x 2 symmetrical matrix with the non-zero terms
defined as follows.

Ao cos (Aol)
Z00) _ 22 _ 4 Ao 5
v v ij sin (Agl) 28)
A
Z0% = 4, — 20 29
v M jwsin (Aol) 29)
Ph
Ao = —_— 30
0=w,/ A (30)
pr = pthibs + prmhmbn + pphsby 3D

where p is the density, h is the thickness, b is the width and
the subscripts ¢, m and b denote the top, middle and bottom
sections of the component.

Ay1 = EFhiby + Ephonby, + EEhyby (32)

where E is the Young’s modulus and the superscript E
denotes that the values are evaluated in the short circuit
configuration.
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Zr is a4 x 4 symmetrical matrix with the non-zero terms )
defined as follows. _ prw 43
s = (48)
Zg,l) _ Zl(r;s,:s) ,
1 pr = 2 (49)
= (X) D11 daMy(A2 + X2 (Mo AIcasy — AaXicpsa) D1y
(33) prw?
= 50
PO =0 (50)
Zy? =7 ) 3
b h h b
1 I _(m Pmbm ;3
= (X) Di1pp [Aadp(A] = A3)(cacy — 1) Pr="3 [( 2 ””) < 2 ) g et
—(A3AL AN (sasp)] - (B4)

X

1
7 = () D11 XAado(A2 4+ M) (AaAZsa — MpAZsy)

Z(174)

2,3
(1) _ _ (2

F

(35)

1
__ () DiippAa (V2 + X)(ca — ) (36)

X

2,2 4,4
222 _ 7@

1
= <> D11pp(A2 4+ A1) (AaA3cass — MpAicpsa)  (37)

X

1
zp" = <) Diipp(A; + A5)(AaA3sp + ApAisa)

X

(38)

X = jw [2ppAaXs(cacy — 1) + sasp(MIAZ — A%)\Z)}

cq = cos (Agl)
Sq = sin (A,l)
¢p = cosh (Apl)
sp = sinh (Apl)
M= Ai —ps

A=\ +ps

1 1
)‘a_\/Z(PS+PR)+\/4(PS_PR)2+PD

1 1
Ab\/2(PS+PR)+\/4(PSPR)2+pD

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(40)

(47)

by | ( P ()’
p?[(g*“)(g)] o1
where p are the densities.
P 5 M h\?
Mmoo h B
(om) - (%)
EEby, | (B 5w\
b0 <2+hb> —<2>] (52)

3
Ass = K (GEbihy + GEbho + GEbyhy) (53)

EEb,
3

E,by, .
h3 +

D= 12 'm

The electromechanical coupling matrices, P and Pp,
are defined as follows.

B E
S e
where d3; is the piezoelectric voltage coefficient.
—d31 B —dypEf
Pr= dSI,?EtE dSl,(ZEbE Ex Z] )
0 0

The clamped admittance matrix, C, is defined as follows.

el — &3y EF 0 2
C = iwl 33,t 31,tHt :| hy (56)
0 €3T3,b - d§1,bE1f5 ;%
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Abstract

Elastic metamaterials, which have huge potential in wave guiding and attenuation applications, can be built from
structures with periodic piezoelectric patch arrays. Passive shunts offer the benefits of simplicity and low cost. In this
paper, the effects of the magnitude and phase angle of the shunt impedance on the attenuation constant of a beam
with periodic piezoelectric patch arrays were studied in order to determine the optimal shunt that produces the widest
and most effective band gaps. The attenuation constants were found to be large when the phase angle is 7 rad and
when the magnitude decreases exponentially with the excitation frequency. This corresponds to a negative capacitance
circuit, which is the optimal shunt for such systems. The attenuation constant of the system reduces significantly when
the impedance deviates from the optimal value suggesting other circuits are less effective. The impedance and band
structure of resistive-inductive (R-L), negative capacitance and resistive shunts were investigated. As expected, the
negative capacitance circuit produces a large band gap, while the R-L circuit only produces a band gap around its
natural frequency. The transmissibilities of a finite system with these circuits demonstrated that vibration transmissions
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are low within the band gaps.

Keywords
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Introduction

Piezoelectric patches have been widely considered in
vibration damping and control applications in structures
as they have the ability to convert electrical energy to
mechanical energy and vice versa (Hagood and von Flotow
(1991)). This allows the implementation of a variety of
control strategies to damp vibrations. The passive shunt
configuration, in which the piezoelectric patch is connected
to a passive circuit, is considered to be one of the
simplest control system because it avoids the need of
complex amplifiers and sensing equipment (Hagood and
von Flotow (1991)) required in active control strategies.
Several configurations of passive piezoelectric patches have
been proposed, for example the resistive-inductive (R-L)
circuit (Hagood and von Flotow (1991)) that acts as a
dynamic vibration absorber reducing vibrations at the tuned
frequencies. Later studies have introduced other circuits for
shunted piezoelectric patches that makes use of different
concepts, including multiple resonating circuits (Wu and
McDonnell (1996); Behrens et al. (2003)) and negative
capacitance shunts (Beck (2012)).

With increasing interest in elastic metamaterials, piezo-
electric patches arranged in periodic arrays (Thorp et al.
(2001); Spadoni et al. (2009); Airoldi and Ruzzene (2011);
Chen et al. (2013a,b); Casadei et al. (2012)) have been
studied in order to create elastic metamaterials with tun-
able band gaps, which is a desired property for this class
of materials (Hussein et al. (2014)). Unlike conventional
configurations for vibration attenuation, the periodic shunted
piezoelectric patch arrangement creates band gaps, which are

frequency ranges in which wave propagation cannot occur,
to attenuate elastic waves without targeting a given mode
of vibration (Spadoni et al. (2009)). This strategy results in
broadband vibration attenuation as opposed to damping at
specific frequencies typical of conventional systems. Two
common circuits used to introduce band gaps are the R-L
circuit (Spadoni et al. (2009); Airoldi and Ruzzene (2011);
Chen et al. (2013a)) and the negative capacitance circuit
(Tateo et al. (2014); Beck et al. (2012)). For the R-L circuit,
the band gaps are created via the local resonant mechanism
in elastic metamaterials proposed by (Liu et al. (2000))
with the periodic piezoelectric patches acting as the tuned
resonators. Negative capacitance shunts on the other hand
have been known to reduce vibrations over a large range
of frequencies. This is done by tuning the capacitance of
the shunt to values close to the capacitance of the shunt so
that the effective stiffness of the patch defined by Eq. (1)
(Hagood and von Flotow (1991)) is sufficiently large to
prevent motion from passing through. Hence, by using a
periodic piezoelectric patch with negative capacitance, large
mechanical impedance mismatch can be achieved to create
wide band-gaps for vibration attenuation.
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where Eg U is the effective Young’s Modulus of the
piezoelectric patch, EpD is the Young’s Modulus of the
piezoelectric patch at constant electrical displacement, w
is the excitation frequency, k3; is the electro-mechanical
coupling coefficient, C} is the capacitance and Z SU is the
impedance of the shunt.

Since the shunt parameters, which are the inductance, L,
capacitance, C, and resistance, R, will affect the vibration
attenuation performance of the periodic arrays, many studies
(Thorp et al. (2001); Spadoni et al. (2009); Chen et al.
(2013a)) have analysed the effects of these parameters on the
band gap width, location, and magnitude of the attenuation
constants for plates or beams with periodic piezoelectric
patches. However, in those studies, the shunting circuit was
selected prior to the analysis of the effects of the parameters
on the band gaps. This limits the analyses to the selected
circuit while neglecting the possibility that other circuit
configurations might have better performance. Regardless of
the selected circuit, the electrical impedance of the passive
shunt, Z5Y, can be expressed in terms of only the magnitude,
a, and the phase angle, ¢, using Eq. (2).

75U — ¢ . ¢i® 2)

Therefore, the wave attenuation characteristics of all
possible passive shunts can be studied by analysing only
a and ¢. Hence, a map of the attenuation constant over
a range of frequencies and shunt impedances will provide
valuable information to the design of shunts for elastic wave
attenuation using periodic shunted piezoelectric patches. In
this study, the attenuation constants for a beam with periodic
piezoelectric patches will be calculated over a range of
magnitudes and phase angles of the shunt impedance. The
map of the attenuation constants will then be analysed to
devise design strategies for the passive shunts.

This paper is organised as follows. Firstly, the beam
and piezoelectric parameters, the models for the beam and
piezoelectric patches, and the method used to calculate the
attenuation constants will be described. After that, a map,
which is a volume visualisation of the attenuation constants
with respect to excitation frequency, magnitude and phase
angle of shunt impedances will be presented. Then, the
trends observed in the map and a suitable design strategy for
the passive shunt will be discussed. Additionally, the band
structure of the R-L and negative capacitance shunts will be
discussed with regards to the map, and the optimal shunt
configuration will be found.

Desctription of beam and models

Beam geometry

An infinite beam with piezoelectric patches, as seen in Fig. 1,
was studied. A beam was selected instead of a plate mainly
because the elastic wave in a beam only travels in a single
direction, which simplifies the study as only the attenuation
constant in one dimension needs to be considered. Maps for
plates that have additional dimensions can be found using the

same analysis and similar trends are expected to be found for
plates with similar configurations.
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Figure 1. Infinite beam with periodic piezoelectric patch (a) A
structure with infinitely repeating unit cells (b} A single unit cell.

The properties of the piezoelectric patch and beam used in
this study are listed in Table 1 while the geometry of the unit
cell is listed in Table 2. The shunting circuits for the top and
bottom piezoelectric patch were set to be identical.

Beam and piezoelectric model

The model proposed by Ha (2001) was used to model the
beam and piezoelectric patch in this study. This model was
selected mainly because the Timoshenko beam model, which
takes into account rotational inertia, results in more accurate
predictions, especially at higher frequencies. Additionally,
the model proposed by Ha (2001) allows the piezoelectric
patch to be used as both sensor and actuator, which allows
the same model to be used in future studies involving active
control.

In the Ha (2001) model, the dynamic behaviour of the
piezoelectric patch and the beam, using the sign convention
shown in Fig. 2, is described by the transfer matrix in Eq. (3).

Ve,
AY —o  o—

»
I®

U U

Top|piezoelectric patch

‘_>11J Aluminium beam

FPUY FRuP

Bottom|piezoelectric patch

o 1 U
—-—
Lo

RRP0)

Figure 2. Piezoeleciric paich and beam model.
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where the terms are described by Eqs. (4) to (10); the terms
within the dynamic stiffness matrix, D, in Eq. (4) are listed
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Table 1. Properties of piezoelectric patch and base beam.

Property Piezoelectric patch (PI Instruments (2014))  Base beam
Material PIC 155 Aluminium
Density, p (kg m™3) 7800 2700
Young’s modulus, £ (GPa) 66.7 (Short circuit) 69.0
Shear modulus, G (GPa) 24.1 (Short circuit) 25.9
Shear coefficient, x 0.85 0.85
Relative permittivity at constant stress, % 2400 N/A
Piezoelectric voltage coefficient, d3; (x10712 C N~1) -210 N/A
Table 2. Geometries of piezoelectric patch and base beam.

Dimension Piezoelectric patch Base beam

Height, h (mm) 0.5 3

Width, b (mm) 20 20

Length, L (mm) 20 20 (Portion without piezoelectric patch)

in the appendix.

inN 0 PN

D=| 0 iwZp Pp @)

P PL C
Fy=[-N(0) N@))" )
Fr=[-M(0) —R0) M(@1) RO]"  ®
1=t 1" (7)
Uy = [u(0) u(®)]” ®)
Up = [000) W) 60) w)]" ©)
v=[vt vt (10)

where 0 is a matrix of zeros, the superscript 7' denotes
transpose of a matrix, IV are the axial forces, [ is the length
of the component, M are the bending moments, R are the
transverse forces, I are the currents, the superscripts ¢ and b
refers to the top and bottom patch respectively, u are the axial
displacements, 6 are the angles of rotation due to bending, W
are the transverse displacements, and V" are the voltages.

For the portion of the beam without piezoelectric patches,
the electrical components of the matrices in Eq. (3), which
areI, V, Py, Pp, and C, were omitted. Furthermore, since a
passive shunt was used and the piezoelectric components are
not powered by an external voltage or current source, Eq. (3)
can be simplified to Eq. (11), so that only the mechanical
components are present as seen in Eq. (12).

V—12%5V =0 11
Fyl| Uy
{Fp] =D, l:UF:| (12)
where
_ inN 0
D**{ 0 z‘sz} B

Py o] ([c -1]'[-PL PT 3
Pr O 0 Zz5U1 0 1 (3)

where 1 is the identity matrix.

Transfer matrix method to calculate band
structure and attenuation constant

In this study, the Floquet-Bloch theorem (Brillouin (1946)),
described by Eq. (14), was used to determine the wave
propagation characteristics of the beam with periodic
shunted piezoelectric patches.

Uz + L) = \U(z) = e* U () (14)

The term k in Eq. (14) is known as the wave vector
and it can be a complex value with imaginary, §, and real,
1, parts, which are commonly known as the attenuation
and propagation constants respectively. The propagation
constant, i, describes the phase shift, while the attenuation
constant, 9, describes the amount of attenuation that the
elastic wave experiences as it passes through the unit cell.

The transfer matrix method described by Eq. (15) was
used to find the wave vectors in this study mainly because
it is capable of determining the complex wave vectors.
This capability is essential as the shunted piezoelectric
patches will provide intrinsic damping, which will lead to
the wave vectors being complex. Additionally, the vibration
attenuation performance of the piezoelectric patches are to
be evaluated using the attenuation constants. Eq. (15) is an
eigenvalue problem that can be easily solved. Furthermore,
since only the bending waves are of interest, the axial
components in Eq. (3) and Eq. (12) were ignored.

Ur| +|Uz| _,|UL
] o

where T is the transfer matrix, U are the displacement
matrices, F' are the force matrices and the subscripts L and
R denote the left end and the right end of the beam.

In this study, the portions of the beam with and without
the piezoelectric patches were treated as two separate beams,
each having its own dynamic stiffness, in which continuity
and dynamic equilibrium are enforced at the interface. An
effective dynamic stiffness, ]f), for the single unit cell can
then be found after simplifying and rearranging the matrix
into the form shown in Eq. (16).
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Fp U,
0| =~ |U;
o|=P|F (16)
Fr Ug

where the subscript / denotes the internal nodes.
Grouping the interface displacements and forces as a
single matrix, Eq. (16) can be written as Eq. (17).

Fr | UL
o|=D|UF,
Fr Un
. . a7
Dy Dis Dpgr U,
= |Dyr Drr Drgr| |UF;
Drr Dgr:r Dgrpr Ur

Using the steps taken by Spadoni et al. (2009), the transfer
matrix, T, in Eq. (15) can be found as follows.

—1 -1

—O0p R OLL arpr
T = ( —1 -1 } (13)

ORr R \Op gOLL) — QR —QR RO R
where

aLL—DLL_DLI< DIL) (19)
ap r= DL R — DL s ( DI R) (20)
aRL—DRL_DRI<D[]DIL 2D
apr=Drr—Dnrr (f)f}f)f,ﬂ) (22)

A Matlab script was written to perform the required
calculations to find the wave vectors, k, from the equations
stated.

Map calculations

A common criterion used to quantify the effectiveness
of wave attenuation within a phononic crystal or elastic
metamaterial is the attenuation constant or the imaginary part
of the wave vector, §. As there are 4 waves (2 incident and 2
reflected waves) that are present in the transverse bending of
a beam, there will be two sets of wave vectors and hence two
sets of attenuation constants, &, that characterises the waves.
Here, the attenuation constant with the lowest magnitude will
be used to quantify the wave attenuation properties because
the waves with large attenuation attenuate more rapidly.

The attenuation constants, ¢, for the beam configuration
described previously was evaluated for a range of frequencies
from 1 Hz to 15000 Hz, and shunting impedance defined
in Eq. (11), with magnitudes, a, from 1 to 5000 V A~!
and phase angle, ¢, from —7 to 7 rad. This enables the
attenuation constants for all possible shunting circuits to be
determined and the best possible shunt configuration can be
identified.

In order to conserve computing resources and time,
these attenuation constants were first evaluated at larger
intervals for the phase angle and magnitude, which are
75 tad and 10 V A~1. It is important to point out that
despite the large intervals taken for the magnitude and phase
angle, the number of points that were evaluated is still

very large (21 x 500 x 15000 = 1.575 x 10%), where the
attenuation constants were evaluated at every 1 Hz frequency
interval. The attenuation constants in regions that have
interesting features were then evaluated at smaller intervals
of magnitude and phase angle.

Results for attenuation constant map

Volume plot of attenuation constant

A volume plot mapping the attenuation constant over a range
of frequencies, magnitudes and phase angle of the shunt
impedance is shown in Fig. 3. Due to the large intervals in
a and ¢ used in finding the attenuation constant, the plot in
Fig. 3 was generated by first smoothing the 3D data using the
smooth3 function, then plotting the data using the isosurface
function in Matlab (Mathworks (2014)).

In Fig. 3, each surface corresponds to a region with a
constant attenuation constant, and the colour of the surfaces
describes the magnitude of the attenuation constant for
the isosurface. One observation that can be made from
Fig. 3 is that there is a region from 4135 to 4375 Hz
that has attenuation constants of above 0.025 regardless
of the impedance of the shunt. The band gap produced at
these frequencies is a Bragg gap, which is a result of the
discontinuity in wave speed along the beam caused by the
addition of the piezoelectric patch.

Another interesting observation in Fig. 3 is that
there is a region centred around ¢ = 7 rad with high
attenuation constant above 0.2, suggesting very effective
wave attenuation. This region will be referred to as the high
attenuation zone herein. Additionally, the frequencies of the
high attenuation zone appear to be decreasing exponentially
with increasing magnitude of shunt impedance. This trend
observed in Fig. 3 can be used to devise a strategy for
the design of passive shunts to create effective band gaps.
As seen in Fig. 3, the ideal passive shunt should have an
impedance (both magnitude and phase angle) that follows
the dark red region over the range of frequencies.

15000 ~,
WS- =002
M|J-1 =0050
|6 -1 =0.100
o 1 1| =0.200
< 100004 - 1| =0.400
§ Surface with equal
5 values of attenuation
g constant
= 4
5000 -

6000
T 4000

Magnitude (V A'1)

Figure 3. Isosurface plot of attenuation constant for different
values of ¢ and ¢ over a range of frequencies.
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In order to investigate the trends further, a contour plot of
the attenuation constants at a constant frequency, selected to
be 6000 Hz, is plotted in Fig. 4 to deduce the optimal phase
angle for the shunt. As seen in Fig. 4 (a), the attenuation
constant is maximum at a phase angle of ¢ = 7 rad. Since
large intervals of ¢ were used in the calculations for Fig. 4
(a), the analysis was repeated with smaller intervals of 0.01
rad around ¢ = 7 rad in order to get a detailed representation
of the attenuation constant. The contour plot with smaller
intervals is shown in Fig. 4 (b) and the maximum attenuation
constant still occurs at a phase angle of ¢ = 3 rad. The
phase angle of ¢ = 7 rad suggests that the impedance of the
optimal shunt is purely imaginary and has a positive value as

described by Eq. (23).

ZOptimum = a(w) ] (23)

where «a is a positive value denoting the magnitude of the
impedance.

Additionally, as seen in Fig. 4 (b), the attenuation constant
is very sensitive to both the magnitude and phase angle of the
shunt impedance as the it decays rapidly from the optimal
value. After establishing that the optimal shunt will have a
phase angle of ¢ = 7 rad, a contour plot of the attenuation
constant at ¢ = 7 rad, as shown in Fig. 5, was investigated.
This is to determine the trend of the attenuation constant with
the magnitude of the shunt impedance. As seen in Fig. 5,
the frequencies of the high attenuation zone appear to be
decreasing exponentially with the magnitude of the shunt
impedance described by Eq. (24).

I=3 B1 n
B -a
where «a is a positive value denoting the magnitude of the
impedance and B and n are constants.
Since the phase angle is ¢ = 7 rad, the optimal shunt is

2
likely to follow the equation described by Eq. (25).

@24

J —n
=55 )
where B is a constant.

If the value of n is unity in Eq. (25), this becomes the
equation for the impedance of a negative capacitance circuit,
shown in Eq. (26), which is similar to the circuits studied in
(Chen etal. (2011); Tateo et al. (2014 ); Casadei et al. (2012)),
but without any resistors in the circuit,

1
Y A
2jmf(=Cy)

where C}, is the magnitude of the negative capacitance shunt.

The dashed line in Fig. 5 denotes the impedance of a
negative capacitance shunt with the capacitance of —15.5
nF, and it overlaps with the high attenuation zones. This
suggest that negative capacitance shunts are highly suitable
candidates to attenuate waves for periodic piezoelectric shunt
configurations. This result is consistent with Eq. (1) although
a different model for the piezoelectric patches was used.
Furthermore, based on the current analysis and Fig. 3 to
Fig. 5, the attenuation constants for the beams were found
to be sensitive to the shunt impedance and the attenuation
constant will reduce significantly when the impedance of

(26)

the shunt deviates from the optimal value. Therefore, for a
beam with periodic shunted piezoelectric patches, the ideal
strategy is to match the impedance of the shunts to the
values in the high attenuation zones across a large range of
frequencies. Based on the results from Fig. 5, the optimal
type of shunt will be that of a negative capacitance. In order
to demonstrate this, the band structure of a periodic beam
with piezoelectric patches using an R-L shunt and a negative
capacitance shunt will be compared.

22
14000 F

12000

10000

8000 f

Frequency (Hz)

121=I527 1 s
C =15.56nF

6000 [

4000 f
Bragg gap

2000 f

0 1000 2000 3000 4000 5000
Magnitude (V A™)

Figure 5. Contour plot of attenuation constant with varying
values of a over a range of frequencies at ¢ = 7.

Comparison between R-L shunt and
hegative capacitance shunts

According to the findings in the previous section, the
shunting circuit should have impedance with a phase angle
of 7 rad and a magnitude within the high attenuation zone
shown in Fig. 5 to attenuate elastic waves with band gaps.
In order to demonstrate that this is the case irrespective
of the type of shunting circuit, the band structure and the
transmissibilities of a finite periodic beam with different
circuits will be investigated: a resistive-inductive (R-L)
circuit, a negative capacitance shunt and a single resistor.
These circuits have been considered in previous studies to
generate band gaps with periodic piezoelectric patches.

The resistor for the R-L circuit was set to have a low
resistance of 0.1 mf2, and the inductance was set to be 23.28
mH, to give a resonant frequency of 8000 Hz for the shunting
circuit according to Eq. (27) (Chen et al. (2013b)). For the
negative capacitance circuit, a low resistance of 0.1 m{2 was
set and the capacitance was set to be -15.5 nF to give the
impedance that overlaps with the high attenuation region in
Fig. 5. Lastly, the resistor only circuit was set to have a
resistance of 1 €2.

1
2 /LG,

where f, is the natural frequency of the shunt and
piezoelectric patch circuit and L is the inductance.

Since the R-L and negative capacitance circuits have
negligible resistance, the phase angle of the impedance for

In @7
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Figure 4. Contour plot of attenuation constant with varying values of ¢ and ¢ at 6000 Hz. (a) Results from coarse sweep (b}

Results from fine sweep.

the shunting circuits will be close to % rad, while the phase
angle of the impedance of the resistive shunt will always be
0 rad. Since the phase angle of the resistive shunt is far from
the optimal value of 7 rad, it will not produce any band gaps
with the exception of the Bragg gap shown in Fig. 3. The
band structure of the resistive circuit plotted in Fig. 6 shows
that this is the case, where there is only a small band gap at
4151 to 4363 Hz.

15000 r

——Imaginary Part|
—Real Part

0.05

4500
4450
4400
4350
4300
4250
4200
4150
4100
4050
4000

10000 |

-0.05 0

Frequency (Hz)

5000,

3 2 - 3 4
—[m(k - L)| [Re(k - L)|

Figure 6. Band Structure of beam with 1 Q resistor.

The magnitudes of the impedance for the R-L and negative
capacitance shunts are plotted along with the contours of
the attenuation constants in Fig. 7. As seen in Fig. 7, the
magnitude of the impedance of the negative capacitance
circuit is within the high attenuation zone at frequencies
above the Bragg gap and the impedance is on the boundary
of the high attenuation zone at frequencies below that. Based
on this result, the negative impedance circuit is expected to
produce band gaps across the entire frequency range, which
is the case as seen in the band structure shown in Fig. 8,
where the imaginary part of the wave vectors above 4151

Hz is large. It is important to note that the imaginary part
of the wave vectors at frequencies below 4151 Hz is very
low but not zero, indicating that there is effectively no band
gap at the lower frequencies. The negligible values of the
imaginary part of the wave vectors at lower frequencies is
a result of the impedance being close to the boundary of
the high attenuation zone and as discussed in the previous
section, the attenuation constants are very sensitive to the
impedance and decays rapidly when the impedance deviates
from the optimal value which is the case at lower frequencies.

15000 22
Impedance of R-L shunt (magnitude) 2
L=23.28 mH, R=0.1 mQ, f,=8000 Hz
18
Band gaps appear
when impedance is within 16
10000 F high attenuation zones .
N of negative shunt 1.4
< (magnitude), C=15.5 nF :
)
5 12
g_ \ High attenuation zones
© 1
[ Gap from stiffiness difference
5000 1
08
06
Impedance of at the edge B 0.4
ofthe high attenuation zones .
at low frequencies
9] + . . L 02
0 1000 2000 3000 4000 5000

Magnitude (v A™)

Figure 7. Contour plot of attenuation constants with varying
values of a over a range of frequencies at ¢ = 7 with different
circuit configurations.

Furthermore, according to Fig. 7, the magnitude of the
impedance of the R-L circuit varies linearly with excitation
frequency. The impedance also overlaps with the high
attenuation zones at frequencies in between 8292 and 8572
Hz, which is around the tuned resonant frequency of 8000
Hz. In short, the impedance of the R-L circuit will overlap
with the high attenuation zone around the tuned frequency.
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Figure 8. Band structure of beam with negative capacitance
shunt.

Therefore, a band gap at this frequency range is expected
and this is confirmed by inspecting the band structure of the
periodic beam with the R-L shunt in Fig. 9. As seen in Fig. 9
there is a band gap in between frequencies of 8292 and 8572
Hz and a smaller Bragg gap at 4151 to 4319 Hz.
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Figure 9. Band Structure of beam with R-L shunt.

The transmissibility curve defined as the magnitude of the
ratio of the transverse displacements at the last node to that
of the first node, for a finite periodic beam with 10 unit cells
is shown in Fig. 10. The values calculated in Fig. 10 is for
a free-free beam with a transverse force applied at one end
of the beam. As seen in Fig. 10, there are no significant
attenuation observed at frequencies where the imaginary
wave vectors have very low values for all three circuits,
for example the transmissibilities are still high at 4151 to
4363 Hz although there is a Bragg gap present. However,
the transmissibilites are very low for regions where the
imaginary wave vectors are large, for example at frequencies
above 4151 Hz for the negative capacitance circuit and at
frequencies in between 8292 to 8572 Hz for the R-L circuit.
This result demonstrates the effectiveness of utilising the

band gaps produced with the periodic shunted piezoelectric
patches to attenuate elastic waves and vibrations.

The key finding from the analysis performed in this section
is that effective band gaps will only be present when the
phase angle of the shunt impedance is close to 7 rad and
the magnitude must overlap with a region of high attenuation
constants. Since the only region with high attenuation
constant follows a trend where the magnitude decreases
exponentially with the frequency, the only method to produce
a band gap is to have the shunt impedance be in this region.
This applies to all types of shunting circuits, including
the R-L circuit that only produces the band gap when its
impedance is within the attenuation zone. Therefore, in order
to produce band gaps using periodic shunted piezoelectric
patches, one should always set the impedance of the shunt to
be within the high attenuation zone, which can be estimated
by the impedance of a negative capacitance circuit with the
magnitude of capacitance being approximately the value of
the piezoelectric patch. Furthermore, based on the trends of
the impedance of the R-L. and negative capacitance shunts,
it can be deduced that the negative capacitance shunts are
capable of producing large band gaps compared to the R-L.
shunts as observed in Fig. 7, where the R-L shunt only has a
small region of overlap.

Lastly, an important point to note is that the analyses
done in this study did not take into account other issues,
such as control system instabilities (Beck (2012)), the power
consumption of the shunts, the operational limitations of
the control system and circuits, and other factors that may
be present in the practical implementation of such systems.
Hence, care must be taken and some of these factors must
be considered before implementing the system in practice.
Despite the simplifications made in these analyses, the
findings in this study give an overview of the general trend of
the attenuation constants across all ranges of passive shunts
for beam structures with periodic piezoelectric patches and
the shunt design strategy described earlier can serve as a
general guide in selecting the optimal shunts.

Summary and conclusion

Piezoelectric patches arranged periodically across a structure
can be used to generate band gaps that are capable of
attenuating vibrations when an appropriate shunting circuit
is used. Since only two parameters, which are the phase
angle, ¢, and magnitude, a, of the impedance, are required
to characterise the entire shunt, the optimal shunt can be
found by studying the attenuation constants across a range
of frequencies for a beam with periodic piezoelectric patches
across an entire range of ¢ and a.

Based on the volumetric plot showing the attenuation
constants for different values of the excitation frequencies,
phase angles and magnitudes of the shunt impedance, the
optimal impedance was found to have a phase angle that
is equal to 5 rad and has a magnitude that decreases
exponentially with frequency. The optimal impedance was
found to be similar to a negative capacitance shunt with
a magnitude of capacitance that is approximately the
capacitance of the piezoelectric patch. Additionally, a Bragg
gap that is independent of the shunting circuit was found in a
frequency range of 4151 to 4363 Hz. Since the attenuation
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Figure 10. Transmissibility curve for different circuits.

constant is very sensitive to the changes in impedance
and reduces significantly when the impedance of the shunt
deviates from the optimal value, a negative capacitance shunt
will give the largest band gap as it is similar to the trend of
the optimal impedance.

The band structures and impedances of several types of
circuits, which are the R-L shunt, negative impedance shunt,
and resistive shunt, have been studied. The resistive shunt
was found to not produce any significant band gap as the
phase angle of the resistor will always be constant at O rad.
Conversely, the R-L and negative capacitance circuits have
phase angles of 7 rad as they have negligible resistance.
Therefore, these circuits are able to produce band gaps over
a range of frequencies.

The negative capacitance shunt was found to produce
a large band gap at frequencies above 4151 Hz as the
impedance of the shunt is near the optimal value, while at
frequencies below 4151 Hz the impedance is at the boundary
of the attenuation zone and the attenuation constant is
negligible in this case. On the other hand, the R-L circuit was
found to have impedances within the high attenuation zone
around the tuned resonant frequency of 8000 Hz. The band
gaps for the R-L circuits only appear within the frequency
range where the impedance of the shunt overlaps with the
high attenuation zones. This result suggests that regardless
of circuit, one should set the impedance of the circuit to
the values within the high attenuation zones to attain the
most effective elastic wave attenuation with periodic shunted
piezoelectric patches. Despite not taking into account some
practical limitations, such as control system instabilities, the
power consumption of the shunts, etc., the general trends of
the attenuation constant with respect to the shunt parameters
have been found and a strategy for designing the shunt for
periodic piezoelectric patches was devised.
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Appendix: Terms in the transfer matrix

The terms in the dynamic stiffness matrix, D, in Eq. (3) are
as follows (Ha (2001)).

Zris a 2 x 2 symmetrical matrix with the non-zero terms
defined as follows.

Ao cos (Aol)
ZA1) _ F(2.2) 4 A0 28
v v M jwsin (Aol) 8

A
Z(1»2) - _ 0 § 2
v M wsin (Aol) @)
Ph

Ag = -_— 30
0= W (30)
pr = pthiby + prohmbe, + prhoby (3D

where p is the density, A is the thickness, b is the width and
the subscripts ¢, m and b denote the top, middle and bottom
sections of the component.

Ay = EFhiby + B, + EE hyby (32)

where F is the Young’s modulus and the superscript F/
denotes that the values are evaluated in the short circuit
configuration.
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Zy is a4 x 4 symmetrical matrix with the non-zero terms )
defined as follows. _ PrW
ps =4 (48)
55
70 = 709 :
Prw
1 s , PR = (49)
=¥ D11 2o de(AZ + A5 (A Aicass — AaA5¢hSa) D1y
(33) P’
= (50)
PP~ Dy

1,2 3,4
Z{ ) = A
1
- (f) D11pp [AaXe(A] — A3)(cacy — 1)
—(A3A2 + AIA) (sas)] (B4

1
s (Y) Diidadp(Ag + A7) (XaA3sa — ApATsy)
(35
Z}(7‘1,4) _ _ZI(:'Q’S)
1
= <f> D11pprado(As + X)) (ca — ) (36)

(2,2 4,4)
Zy )= va

1
— (}) Di1pp(A2 + A7) (Nad3casy, — MpAicps,)  (37)

1
z3Y = (Y) D11pp (A2 + A2)(AaX3sp + MAis,)
(38)

X = jw [QpD)\a/\;,(c,,,cb —1) + sasp(AIA — )\3)\3)]

(39)
Ca = cos (Agl) (40)
5q = sin (A\gl) (41)
cp = cosh (A1) (42)
sp = sinh (\y) (43)
X=X - ps (44)
X=X +ps (45)

1 1
)\a—\/2(ﬂs+pR)+\/4(PspR)2+pD (46)

1 1
Ap = \/—2(P3+PR)+ \/Z (ps—pr)*+pp  (47)

3 3
. ptfbt }L’”L _ h'm p’(ﬂb’ln 3
pr="3 {(2+ht> <2)}+ TR
3 3
pbbb hm hm
— || —=+h — | —= 1
P05 em) - (5) ] e
where p are the densities.
B S ()’
(7””) ‘(7)
EFby [ [ ()’
— — | = 2
3 {( 5 +hb> 5 (52)

Ass = £ (GPbihe + Ghbmhm + G byhy) (53)

EFb,
3

Embm
12

D1y = + hd +

The electromechanical coupling matrices, P and P,
are defined as follows.

Py — 31 Ef d31,bEéE} |:bt:| (54)

—d31.EF  —ds1 ,EEF| |by
where d3; is the piezoelectric voltage coefficient.

E E
—dz1 By —d31p B

0 0 bt Zt
Pr= 55
P = gy EP dy,EP {bt zJ (53)
0 0

The clamped admittance matrix, C, is defined as follows.

T 2 E
0 €336 — d31,bEb

hb

T 42 EE by
C =il 531~ B ) } [’z}; (56)
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