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Abstract When the passive control technology is used to control the bending vibration of flexible structures,
the shunt piezoelectric damping technology is commonly regarded as a straightforward and efficient approach.
However, its performance is sensitive to the changes of the components’ parameter values on the piezoelectric
transducer, and usually requires more accurate tuning. This study introduces a novel optimization algorithm and
criteria to optimize the parameters of the components in the shunt piezoelectric damping circuit. Specifically,
the evaluation criteria for suppressing bending vibration are formulated using the frequency response and
kinetic energy power spectrum. The improved Sine Cosine Algorithm (SCA) is then employed to optimize the
parameters of the frequently used parallel, series, and negative capacitance impedance circuits. The accuracy
of the model is verified by comparing the derived dynamic model and transfer function model with the
results obtained from finite element software Workbench. Subsequently, the system’s response is analyzed
under different parameter values, damping conditions, and excitations. The convergence and feasibility of the
improved SCA algorithm are demonstrated through an example that involves suppressing the bending vibration
of arectangular plate. Furthermore, the optimization calculation of component parameter values in the example
circuit is conducted, and the results are compared with those obtained through previous methods, thereby
affirming the effectiveness and advantages of the proposed algorithm for optimizing component parameter
values in shunt piezoelectric damping circuits.

1 Introduction

Shunt piezoelectric damping is a technology that converts the mechanical energy of the controlled system into
electrical energy using the piezoelectric effect of the piezoelectric material bonded to the host structure, and
then dissipates it through an external circuit. This technology is widely favored for mitigating structural vibra-
tions due to its ability to obviate the necessity of incorporating dampers, which may introduce considerable
mass to the mechanical structure, or elastic materials that can have a substantial impact on the overall volume.
Furthermore, this technology can be implemented without the need for an additional power source. Never-
theless, the effectiveness of shunt piezoelectric damping is highly dependent on the component parameters
within the external electrical network, which makes it sensitive to variations in these parameters. Moreover,
different controlled systems may necessitate different parameters for the transducer and induction elements
[1-3]. Consequently, optimizing and fine-tuning the components in the transducer circuit becomes imperative
to achieve optimal vibration suppression performance. Some researchers have also summarized the previous
research achievements and technical challenges associated with shunt damping technology [4-7].

T. Wu (X)) - H. Yan - J. Qu
School of Mechatronics Engineering, Harbin Institute of Technology, Harbin, People’s Republic of China
e-mail: 19b908099 @stu.hit.edu.cn

T. Chen
College of Engineering, University of Michigan, Ann Arbor, USA


http://orcid.org/0000-0002-3327-1216
http://crossmark.crossref.org/dialog/?doi=10.1007/s00707-023-03619-x&domain=pdf

4408 T. Wu et al.

In the existing research, various combination modes have been employed for external electrical networks
in shunt piezoelectric damping systems. These modes typically include single resistance, series connection
of inductance and resistance, parallel connection of inductance and resistance, and the utilization of negative
capacitance [8, 9]. Researchers have explored parameter selection and circuit optimization techniques for
these external electrical networks in order to achieve broader control frequency bands, improved control
effectiveness, and enhanced reliability [10—12]. For instance, Zhao [13] developed a hybrid shunt piezoelectric
circuit that integrates both passive and active circuit components. Through simulations, it was demonstrated
that this circuit exhibits superior vibration suppression performance compared to pure passive or active control
approaches. In order to improve the control performance and avoid wasting the driving power, Ji et al. [14]
proposed a new method to realize asymmetric bipolar voltage by using the negative capacitance shunt circuit.
This method involved the addition of a resistor and a diode to the negative capacitance circuit, enabling the
generation of asymmetric bipolar voltages. Considering the practical challenges in adjusting the capacitance
ratio between the negative capacitance and the inherent capacitance of the piezoelectric transducer, Pohl [15]
introduced the concept of an adaptive negative capacitance circuit and derived the transfer function of the
regulation rule. In a related study, Berardengo et al. [16] proposed and experimentally validated a novel circuit
configuration for vibration suppression, consisting of a pair of negative capacitors. The results demonstrated
the superiority of this circuit arrangement compared to configurations utilizing a single capacitor. In terms of
model calculation and solution, Soltani et al. [17] recognized that it was approximate to apply fixed points
of equal height in the receiving transfer function in the previous method, and then deduced the exact closing
solution when the inductance and resistance were connected in parallel. Ducarne et al. [18] investigated the
free response and forced response of the mechanical structure using the semi-analytical model, enabling
them to accurately determine the response time of the system. Ravi and Zilian [19] proposed a hybrid finite
element formulation for the predictive modeling and simulation of piezoelectric energy harvesting devices.
Their holistic approach ensures consistent solutions for structural dynamics in coupled fields and accounts
for the electromechanical effects of piezoelectric materials. Yamada et al. [20] deduced the system vibration
suppression equation based on the principle of force balance. Through their analysis, they determined the
optimal values of parameters for LR circuits connected in series and parallel configurations. To enhance the
accuracy of the lumped-parameter model of transverse vibration, Wang and Lu [21] introduced a correction
factor that accounts for the dynamic vibration mode shape and strain distribution. This correction factor enables
the derivation of steady-state expressions for both electrical and mechanical responses under excitation at any
frequency. The above researchers have optimized the shunt piezoelectric damping system in terms of external
electrical network and model solution, respectively.

Several researchers have focused on tuning the parameter values of components in the fundamental external
electrical network. For instance, Raze et al. [2] introduced a novel sequential tuning procedure that imposes
passivity constraints on each controlled mode and enables quantitative selection of control authority from the
outset. To address interference between two modes, Hggsberg and Krenk [22] proposed an explicit calibration
method for series and parallel RL circuits, striking makes a compromise between frequency response and
control amplitude. Gardonio et al. [23] presented a self-tuning method based on the maximization of vibrational
power dissipation. This method estimates the electrical power dissipated by each shunt and optimizes the
vibrational power dissipation of its resonant response within the target frequency range through tuning. Beck
et al. [24] refined the parameter values of the components in the external shunt circuit by minimizing the
induced voltage resulting from substrate vibration. This novel tuning method was experimentally validated
to ensure its effectiveness. Tofteker et al. [25] utilized the built-in capabilities of commercial finite element
software to derive a general formula for calibrating parallel RL circuits. This approach enables effective control
of multiple vibration modes tailored to specific plate vibration issues. Heuss et al. [26] introduced a combined
tuning method that incorporates the traditional tuning mass absorber while considering the strong influence
of shunt piezoelectric ceramics. Through simulations and experiments, they demonstrated the effectiveness of
this method in accurately predicting the behavior of electromechanical systems. Lumentut and Howard [27]
employed the extended Hamilton principle to model the shunt circuit behavior of the piezoelectric control
layer. They further optimized system parameters using an adaptive tuning strategy, resulting in significant
improvements in system performance.

This paper presents a new optimization algorithm and optimization criteria to tune the parameters of
components in the external electrical network of piezoelectric transducers. Firstly, the dynamic model and
transfer function model of electromechanical coupling system are derived in detail, and the model is truncated
and reduced. Furthermore, several enhancements are made to the Sine Cosine Algorithm [28] to improve
the global search ability and local development accuracy of the algorithm. Finally, examples are provided to
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Fig. 1 Plate with shunted piezoelectric patch and actuated piezoelectric patch

optimize the three commonly used piezoelectric shunt circuits, and compared with the methods mentioned by
previous researchers to verify the effectiveness of the algorithm.

2 Modelling equations

In this section, the dynamic model of a rectangular plate with piezoelectric patches attached under the consider-
ation of electromechanical coupling will be introduced first. Subsequently, detailed derivations of the frequency
response formula and transfer function formula are provided. Additionally, a novel criterion for optimizing
the parameter values of the shunt piezoelectric damping circuit is introduced. Lastly, several enhancements
are incorporated into the SCA algorithm to augment both its global search capability and local convergence
accuracy.

2.1 Electromechanical coupling dynamic model

As depicted in Fig. 1, a thin piezoelectric transducer is integrated onto a rectangular plate with dimensions
of length @ and width b. The rectangular plate is assumed to be composed of an isotropic material, while the
transducer is fabricated using piezoelectric ceramics polarized in the z direction and exhibiting isotropy within
the xy plane. The integration between the transducer and the rectangular plate is assumed to be seamless.

Consider a rectangular plate with piezoelectric transducers and simply supported on four sides, its vibration
differential equation can be expressed as:

(a4w(x,y,t> . 284w(x,y,t> . a4w(x,y,z)) v ooty w(x,y,1)

ox* 9x20y? ay* 02
dw(x, y,t) 2R 3R
t6p———— =Ky — +— 1
AT “(ax2 ay? M)

where D = E ph; / 12(1 — 1)127) is the bending stiffness; £, vp, pp, h  are, respectively, the Young’s modulus,
Poisson’s ratio, density and thickness of the rectangular plate; M, and M, are defined as the moment per unit
length that drives the piezoelectric element along the x and y directions; &, is the modal damping ratio of
the rectangular plate; K, is the characteristic parameter of the coupling between the rectangular plate and the
piezoelectric element, K, and R(x, y) can be expressed as:

d
K, = hﬂVaKf )

pe
R(x,y) =[H(x — xq1) — H(x — x2)I[H(y — Ya1) — H(y — ya2)] (3)

where (x41, y41) and (x42, y42) are the coordinates of the lower left corner and upper right corner of the driving
element; H(-) is the Heaviside function; V, is the driving voltage of the driving piezoelectric element; d3; is
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the strain constant; &, is the thickness of the piezoelectric element; K Fisa geometric constant related to the
properties of the piezoelectric element and the rectangular plate, and K/ can be shown as:

) Eph% 1+ .
K/ =_ P6”1 el P )
—vp 1+v, — (1 +vpe)p
C1Ep | — V3 6hpehp(hpe +hp) )

2 Ep l—v2 h3+8h3 +6h, h2

where E ., vpe and h ., respectively, represent Young’s modulus, Poisson’s ratio and thickness of piezoelectric
element; w(x, y, t) represent transverse displacement of the rectangular plate, which can be written in the
form of a combination of time and space variables:

WY, ) = )Y (6, Y n(t) = B(x, y(1) 6)

m=1n=1

where ¢y, (x, y) is the natural mode function of the plate without considering the coupling effect
of the piezoelectric transducer and the rectangular plate, which can be defined as ¢, (x, y) =
\/%Tb sin(mmx/a)sin(nwy / b), and 0y, (¢) is the generalized coordinate function of the transverse vibration

of the rectangular plate. In addition, it can be obtained:

"R 2 na MITXq] MIT X2
ax2 ZZ (na >¢mn(x y)(cos —— —cos — )

m=1n=1
X (cos A Yal _ cos nnyaz) @)
b b
The expression for the voltage generated by the shunt piezoelectric can be written as [29]:
h +h e Ya2 Xa2 azw azw a2w
Vour(t) = 22— / / — ten—5 +2 dxd 8
out (1) = T 1oy ten 0y €36 229y xdy (®)

where e31, €32, €36 are the stress constants of piezoelectric materials. In the shunt piezoelectric system described
in this paper, e3¢ = 0, e; = e31 = e3». Substituting Eq. (6) into Eq. (8), the voltage generated by shunt
piezoelectricity can be expressed as follows:

Vz)ut(t) = - (hp +hpe)

€s
«/abCpe

0
na MITXq1 MIT X2 NI Yyq1 T ya0
X Z (— + —b> (cos P 2 —cos P a )(cos ba — cos ba )nmn(t) )

m=1n=1

Under the simply supported boundary condition, the natural frequency of the rectangular plate can be
determined by solving the following equation:

e [ 5]

By employing the modal expansion method to expand the displacement function described in Eq. (6), the
electromechanical coupling equation of the piezoelectric energy harvester working around its natural frequency
can be obtained [30]:

MRO+C (1) + K(t) — O pe V(1) = Fex (1) (11)
epen(t) - CpeVz(t) = _‘Ipe(t) (12)

where gpe(?) is the charge generated on the piezoelectric transducer, and the current on the shunt circuit can
be obtained as I, = dgpe(t)/dt; V.(¢) is the voltage generated on the piezoelectric components; M and K
are, respectively, the electromechanical coupling mass matrix and stiffness matrix; Cp is the system damping
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matrix considering modal damping; © ., Cpe and F.(?) are, respectively, the electromechanical coupling
matrix, the capacitance and force of the piezoelectric components. Assuming that there are Ny piezoelectric
elements pasted on the rectangular plate, the above parameters can be obtained:

Npe
f Ppel pe®(x, )T ®(x, y)dSpe.i (13)
=1 Spe.i

i=

M = f pphp®(x, )T ®(x, y)dSp +
Sp

hy -
K= | hr%dh / ®"(x,y)" C,®"(x,y)dS,
hy Spe

Npe .,
+> / h*dh / ®"(x, )" Ch, ®"(x,y)dSpe. (14)
i=1 ho Spe.i
Npe ., "
0, =% / " / ®"(x, )" epedSpe. (15)
i—1 Yho hPe Spe.i
K T
szzé_ppphp M ®(x,y) ®(x,y)dSp (16)
Sp
Cpei = / Ppehpe@(M! ¥ p(y)dSpe. (17)

pe.i

where ppe represents the density of the piezoelectric element; S, and S,e represent the upper surface area
of the rectangular plate and the piezoelectric element, respectively; C p represents the elastic modulus of the
material of the rectangular plate; C'If; represents the elastic modulus of the piezoelectric material (measured
under a constant electric field); e, represents the piezoelectric coupling coefficient; £° represents the dielectric
constant of the piezoelectric material, and ¢(y) represents the electric field function in the thickness direction.

In Fig. 1, the piezoelectric element is connected to an external circuit for shunting, characterized by an
impedance of Z(s). The relationship between the impedance and the voltage and current can be expressed as
follows:

Ve(s) = I(s)Z(s) (18)

where I;(s) and V,(s) are, respectively, the current flowing through the shunt impedance and the voltage across
the impedance. By applying Kirchhoff’s law, the voltage Vpe(s) generated across the piezoelectric element
and the internal impedance Z(s) of the piezoelectric element are substituted into Eq. (18). This substitution
yields the following equation:

Vi(s) = Vpe(s) - Zpe(s)lz(s) (19)

Itis generally considered that the internal impedance of the piezoelectric elementis Ze(s) = 1/ Cpest Rpe,

and in the ideal case, the dielectric loss can be ignored, that is, Zpe(s) = 1/ Cpes [31]. By substituting Eq. (18)
into Eq. (19), the following equation can be derived:

Zpe(s)

Vpe(s) = Vi(s)+ Z()

V. (s) (20)

In the frequency domain, the total impedance of the piezoelectric element and the external shunt circuit
can be expressed as follows:

_ Z(w)
pre(w) = m 2D

where the external impedance Z(w) is related to the connection method of the external circuit. In this paper,
three common basic shunt circuits are mainly studied, namely the parallel circuit of inductance and resistance,
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the series circuit of inductance and resistance, and the series circuit of negative capacitance and resistance.
The frequency-domain expressions for the corresponding impedances of these three circuits are as follows:

joRL

Rejol R and L in parallel

Z(@) =\ R+ jwL R andL in series (22)
—ijC + R C and R in series

where R, L and C, respectively, represent the magnitude of resistance, inductance and capacitance.

2.2 Transfer function model of composite system

In the electromechanical coupled system depicted in Fig. 1, comprising piezoelectric elements and rectangu-
lar plates, external excitations can originate from concentrated forces, displacements, or laterally uniformly
distributed forces. These external excitations can be converted into disturbance voltages acting on the system.
Assuming the system is subjected to a voltage disturbance of magnitude Vg;s(s), and considering the presence
of an external impedance with a finite magnitude:

Z(s)

Vpe(s) = Gyy(s) Viis(s) — Gvumvpe(s)

(23)

where G,y (s) is the open-loop transfer function from the shunt piezoelectric output voltage Vg (s) to the
driving piezoelectric voltage V,(¢).
By sorting out Eq. (23), it can be obtained:

Vpe(s) _ Gyy(s)

)=y = T+ GnCne)

(24)

where G ,, (s) represents the transfer function of the closed-loop system, while G 5 (s) = Z(s) / (Z(s) + Zpe(s))
denotes the feedback link. Similarly, the closed-loop transfer function between the displacement of a point and
the interference voltage can also be obtained:

W(-x’ )’»S) Gwv(s)

Gy(s) = Viis(s) - 1+ GupGra(s) >

where G,,(s) is the closed-loop transfer function from the displacement of a point to the interference voltage
in the open-loop state.

By substituting Egs. (6) and (7) into Eq. (1), it can be obtained:
2 K/ ds <mb na )

+ —_—
Vabpyh, hpe na mb
T Xal mnva)( Nt yal Nt Ya2
0S COS

b — COos b )Va(t)
(26)

Timn(®) + 28mn@mn mn (t) + U)rznn Nmn(t) = —

a a

X (COS

By multiplying both sides of Eq. (26) by ¢,,(x, y), followed by performing Laplace transform and
rearranging the terms, the closed-loop transfer function from the displacement of a specific point in the open-
loop state to the driving voltage can be obtained:

W, y,s) Gmn (X, Y)Ymn
Gunls) = Va(s) B \/_Pp Z Z s2+ 2§mna)mns + w @7)

where

K'd b T T T
Ynn = -G (m_ + ﬂ) (cos M Xal _ cos n va)(cos IR Ya1 _ cos w) (28)
R pe na mb a a b
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Similarly, by utilizing Eq. (9), Eq. (1), Eq. (6) and Eq. (27), the open-loop transfer function from the shunt
piezoelectric output voltage V,,;(s) to the driving voltage V,(¢) can be derived:

Goyo(s) = Vout(s) 2e; h ghpe Z Z > Ymn Omn (29)
pe m=1

Va(s) abpp + 2mn@mns + (1)2
where
b
Omn = mb + na <c0s MitXal cos mnxaz) (cos i Yal _ cos nnyaz) (30)
na mb a a b b

In the process of practical application, it is not necessary to consider all frequency ranges but only the
relevant frequency ranges associated with the actual vibration. Therefore, employing an infinite order model
as described in Egs. (27) and (29) is not appropriate. Hence, the aforementioned transfer functions need to be
truncated and reduced in order to obtain a more practical representation:

= Wi(x,y, S) Gmn(X, Y)Vinn

Guo(s) = = +KY (31)
e Va(s) va pp p mX:l ,12; 2 + 2§m”a)mns + a)zznn o

A V (S) Zes I’l + h e wmn an

Gpl(s) 2 = L + K 32
vu(s) Vu(s)  abpph, Z Z 52+ 28mn@mns + @3, opt (32)

where K% opt and K pt Fepresent the correction terms that arise from the truncation of the transfer function. These
correctlon terms can be determined using the methodology outlined in reference [31].

In Eq. (11), the harmonic displacement variable of the coupled vibration between the rectangular plate and
the piezoelectric material can be substituted with f(¢) = f(w)exp(jwt), where f(w) represents the complex
amplitude and w denotes the angular frequency. The following equation can be obtained [32]:

[—a)zM+ja)(Cp + Zppe E pe) + K]n(0) = F(w) (33)
where the piezoelectric coupling matrix E,, = © pe@),T,e- For the ith order natural frequency of the system,
the transfer function of displacement and force in the generalized coordinates can be written as follows:

Ni 1

Gpyr=—= - — (34)
VT F T Z0?Mi + ja(Cpy + Zppe(@) B per) + K;

2.3 Optimization criteria

When employing the shunt piezoelectric damping method to control the vibration of a thin plate, the vibration
energy of the system can be effectively dissipated by designing the appropriate circuit and optimizing its
parameters. During the design and optimization process, the reduction of amplitude or energy is commonly used
as the optimization criterion. In this study, the effectiveness of optimization is evaluated using the frequency
response and the power spectrum of kinetic energy. Assuming that the displacement of the thin plate in the
frequency domain is denoted as W(x, y, w), the following equation can be derived by combining Eq. (33):

n(w) = W(x, y, 0)F(w) (33)
and then it can be obtained:
jo
—*M+ jo(Cp + Zppe(w)E pe) + K

Wx,y,w) = (36)

According to reference [32], the power spectral density of the system can be expressed as:
1
Sk (@) = —Tr[MW(x Y, @)8(x — x8(y — yIYWH(x, y, a))] (37)
where Tr[- - -] is the trace operation of the matrix, and 8(-) is the Dirac function; (x, y) and (x’, y’) represent

the respective positions associated with the cross-spectral density for uncorrelated and randomly distributed
transverse forces acting on the thin plate.
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Assuming that [w1, w;]is the frequency range of interest, the average kinetic energy power spectral density
of the system is:

Yo Sk(w)

w2 — W1

Sk = (38)

Furthermore, the unit sinusoidal sweep frequency interference voltage can be applied to the piezoelectric
driving element to obtain the displacement response of the system. The average frequency response of the
system can be expressed as follows:

02 | Gun)

w2 — w1

Sg = (39)
Then the cost function for optimizing the parameter values of each component in the shunt piezoelectric
damping circuit can be defined as:

S S
J=min{ — KN U o J=—min] ——2GNC (40)
Sk.Nc —Sk.c Se.ne — SG.c

where the subscript "N C" denotes the absence of control, indicating that the external circuit is open, and the
subscript "C" denotes the presence of the shunt piezoelectric damping circuit for control.

2.4 Improved optimization algorithm

The Sine Cosine Algorithm (SCA) is a meta-heuristic algorithm that leverages the periodic oscillation of sine
and cosine functions to facilitate global exploration and local exploitation. Initially introduced by Mirjalili
in 2015 for airfoil design [28], the SCA algorithm belongs to the family of swarm intelligence algorithms.
It employs a random solution set as the initial population and utilizes an iterative strategy along with an
objective evaluation function to iteratively update and explore the solution space. Research has demonstrated
that the SCA algorithm exhibits superior search performance compared to certain other intelligent algorithms.
Moreover, the SCA algorithm is characterized by its simpler structure, requiring fewer parameter settings and
easier implementation [33]. The original SCA algorithm mainly includes the following steps:

(a) Initialize the candidate solution space U: Create a candidate solution by setting N variables, where each
candidate solution has a decision dimension of D. Initialize the candidate solutions as follows:

1.2 d
x x PR x
U 14 1
1.2 d
U Xy Xy - X5
U=| = 41)
U 1.2 d
Xn X o Xy

where n represents the number of candidate solutions; d represents the dimension of a single solution;

U; = (xil, xiz, e xl.d ) represents the ith candidate solution, and xl.j represents the component of the ith
solution in the jth dimension.

(b) Calculate the fitness of the candidate solution: Compute the objective function value for each candidate
solution to determine its fitness. Store the candidate solution with the highest fitness value as the current
optimal candidate solution P(t).

(c¢) Update algorithm parameters:»1 and r2 in the algorithm control the step size and direction of updating
the current solution to the current optimal solution, which affects whether the current solution is located
in the solution space between the current solution and the optimal solution or in the space outside.r2 is a

random number subject to uniform distribution, r2 € [0, 2], the update formula of 71 is as follows:

rl:a~<l—%) (42)

where a = 2, t is the number of current iterations, and 7 is the maximum number of iterations.
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Fig. 2 Variation relevant of related parameters during iteration

(d) Update the candidate solution: Update each candidate solution using appropriate formulas to maintain

diversity in the solution space. The update formula for each variable in the candidate solution can be
expressed as follows:

x/(t)+r1 - sin(r2) - ‘r3 - PIt) — x] ()|, r4 > 0.5

X+ = 43)

/() +r1 - cos(r2) ‘r3 Piny = x @)

,r4 <0.5

where 73 is the weight of the current optimal solution and represents the influence of the optimal solution
on the current solution; r4 describes the randomness of using sine or cosine to update the solution.

Although the original Sine Cosine Algorithm (SCA) has demonstrated certain advantages in terms of ran-
dom search capability, adaptability, and stability, it is susceptible to local optima and premature convergence
for certain optimization problems. Moreover, the algorithm exhibits significant fluctuations around the opti-
mal solution, necessitating further enhancements to its convergence. This paper aims to improve the SCA
algorithm’s global search capability and local development accuracy by optimizing it in the following aspects.

(a) From Eq. (43), it is evident that the sine and cosine parameters r 1 sin(»2) and r 1 cos(r2) play a crucial

(b)

role in the global search and local development capabilities of the algorithm. Meanwhile, 72 influences
the direction of solution updates, and 1 determines the step size in the iterative process, representing the
rate of distance towards the final solution. The update strategy for r 1 significantly impacts the algorithm’s
search capability and convergence. Upon examining Egs. (42) and (43), it becomes apparent that as the
algorithm progresses, 1 < 1 remains true, causing the algorithm to primarily focus on local development
rather than global search, thereby increasing the likelihood of obtaining local optima. Additionally, the
rate at which r1 converges to 0 greatly affects the algorithm’s precision and accuracy. Consequently,
a r1 update scheme is devised to strike a balance between global search, local development, and tail

convergence:
3
rl=a- (10g(2)—10g(1+exp(—<2x ( >) )))

Figure 2 illustrates the fluctuation curve of r 1 and the fluctuation path of r 1 sin(r2) and r 1 cos(r2) before
and after the proposed improvement. In Fig. 2a, it is observed that the improved r1 sustains a substantial
value during the initial stages and rapidly diminishes towards O during the later stages. This behavior
ensures the preservation of population diversity during the early stages of the algorithm while facilitating
solution convergence during the later stages.

In the optimization of nature-inspired heuristic algorithms, the concept of inertia weight plays a crucial
role as it characterizes the degree of inheritance of candidate solutions from the previous generation’s
solution space. Previous studies have indicated that the inertia weight significantly impacts the overall

T —t

(44)
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Table 1 Dimensions and physical parameters of the plate and PZT patches

Parameter Value

Plate PZT patches
a X b (length x width) 0.8 m x 0.6 m 0.1mx 0.1 m
h (Thickness) 1x1073 m 0.2 x 1073 m
E (Young’s modulus) 2.1 x 10'! Pa 6.9 x 1010 Pa
o (Density) 7870 kg / m’ 7700 kg / m?
v (Poisson ratio) 0.3 0.3 )
es (Stress constant) s 6.2 C/m

C (Capacitance)

. 6.3 x 107" F
¢ (Damping ratio) 0.005 e

convergence speed in intelligent optimization algorithms. In this study, a linear function is employed to
implement a time-varying inertia weight:

NMmax — Nmin (45)

() = Nmax — t X T

where 1(t) is the inertia weight of the tth iteration; nmax and npin are the maximum inertia weight and
the minimum inertia weight, respectively.

(c) To mitigate the volatility around the optimal solution during the later stage of the SCA algorithm and
enhance the likelihood of updating and exchanging candidate solutions, an interaction factor IR is intro-
duced. The iterative update of IR is defined as follows:

T —t\°
IR =IRpax — 8 xlog| 1 +exp| —[2 x T (46)

Figure 2a shows the IR fluctuation curve when IR;x=1 and §=1.1542. The optimized candidate solution
update formula is as follows:

n()x! (1) +r1 - sin(r2) - [r3- PI(t) — x] ()| r4 > 0.5,r5 < IR

@+ 1) = { y(0x) (0) +r1 - cosr2) - ‘r3 P — xl'.i(t)‘ r4 <05.r5 < IR 47)

x! r5>1IR

1

In Eq. (47), r5 represents a random number ranging from O to 1. As observed from the equation, an
increase in IR leads to more frequent updates and exchanges among candidate solutions. Figure 2a and Fig. 2b
demonstrate that during the early iterations, IR is often greater than the expected value of the random number
r5 with a high probability. This characteristic ensures a favorable update probability for candidate solutions
and enhances the global search capability of the algorithm. Furthermore, as the iteration progresses, there is a
high likelihood that the IR becomes lower than the random number r5, ensuring the accuracy of the mining
algorithm in subsequent stages while reducing its volatility.

3 Numerical examples and discussions

In this section, the derived model will be validated using finite element simulation software Workbench to
ensure its accuracy. Subsequently, response analysis will be performed on the developed model under various
parameter values, damping conditions, and excitations. Furthermore, the improved SCA algorithm will be
employed to optimize and analyze the component parameters of three commonly used shunt piezoelectric
damping circuits: parallel inductance and resistance, series inductance and resistance, and series negative
capacitance and resistance. The obtained results will be compared with those of previous researchers. The
calculation process will involve the utilization of the parameters listed in Table 1.
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Table 2 Comparison of the natural frequencies of the analytical method and finite element method

Mode Analytical method (Hz) FEM method (Hz) Error (%)
(1,1) 10.7668 10.606 1.49
2,1) 22.3320 22.122 0.94
(1,2) 31.3215 31.128 0.62
3,1) 41.5451 41.342 0.49
2,2) 42.9549 42.816 0.32
3,2) 62.4294 62.346 0.13
(L,3) 65.9927 65.234 1.15
4,1) 69.4850 68.302 1.70

3.1 Calculation and verification of the model

The model takes into account the effect of attaching piezoelectric material to the rectangular plate surface,
which causes a shift in the natural frequency of the system in the open-loop state. To verify the accuracy of the
model, the calculated results are compared with those obtained from finite element software. Table 2 presents
the results, where the coordinates of the center point of the attached piezoelectric material are (0.3 m, 0.25 m),
and other parameters are provided in Table 1. The finite element method was implemented using the solid226
element in Workbench, with a mesh size of 0.01 m and a quadrilateral mesh division.

It can be seen from Table 2 that the maximum error percentage between the first eight natural frequencies
of the system calculated by the method described in this paper and the natural frequencies obtained by the
finite element software simulation is 1.7%, which is within an acceptable range and verifies the accuracy of
the obtained stiffness matrix and mass matrix.

By combining Egs. (26), (9), (6) and (1), and neglecting the effects of modal damping, the transverse
displacement of the rectangular plate resulting from applying voltage to the driving piezoelectric layer under
static conditions, as well as the voltage generated by the shunt piezoelectric layer, can be determined as follows:

w(x, y) = \/_IO Z Z d’mn(x y)‘lfmn (48)
P p

m=1n=1

2e; h +h e mm mn
Vau = e 53 Yo Qo m (49)
P

m=1n=1

Considering the application of a unit voltage to the piezoelectric driving layer, and placing the piezoelectric
elements at points where x,; is equally distributed and y, is equal to 0.1 m, 0.3 m, and 0.4 m, respectively,
the displacement results of the rectangular plate obtained using Eq. (48) are compared with those obtained
using finite element software. The comparison results are presented in Fig. 3a. Additionally, Fig. 3b displays
the comparison results of the voltages of the shunt piezoelectric layers when the piezoelectric sheet is pasted
at the position of (0.25 m, 0.2 m) and voltage values ranging from 2 to 20 V are applied to the driving layer.
It can be observed from Fig. 3 that the static displacement response and shunt piezoelectric voltage response
obtained by applying the interference voltage align with the results obtained from the finite element simulation
software, thereby confirming the accuracy of the relevant derivations.

The closed-loop transfer function from the displacement of a point to the driving voltage and the open-loop
transfer function from the shunt piezoelectric output voltage to the driving piezoelectric voltage are shown
in Egs. (27) and (29), respectively. To validate the accuracy of these transfer functions, the first five-order
frequency responses of the system are computed using the equations provided in this paper and the frequency
response analysis method in Workbench. The obtained results are presented in Fig. 4.

From Fig. 4, it is evident that the frequency response data obtained using the derived transfer function
in this paper aligns well with the data obtained from the finite element simulation software. This successful
match confirms the accuracy of the derived transfer function, thereby establishing a foundation for optimizing
the parameter values of the components in the subsequent paragraphs.
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3.2 Transfer function analysis

It should be noted that Egs. (27) and (29) utilize infinite-order models, which can result in tedious calculations
and potentially become computationally infeasible due to their high order in practical applications. Therefore,
in this paper, a truncated form with a finite number of terms is adopted, along with a correction term. Figure 5
displays the frequency response outcomes for different truncation orders without the correction term. As
depicted in Fig. 5a, b, while the poles of the truncated system align correctly, the zeros deviate from their
correct positions. As the closed-loop performance of the system heavily relies on the positions of the open-
loop zeros, it is crucial to ensure that the zeros are as close to their correct positions as possible. Figure 5
demonstrates that the correction term can accomplish this objective effectively.

Subsequently, the impact of modal damping on the displacement and voltage responses is investigated.
The piezoelectric element is centrally attached at the coordinates (0.3 m, 0.25 m), and a unit voltage is
applied. Through simulation, the displacement and voltage responses of the transfer function are obtained
for various modal damping parameters, as depicted in Fig. 6. Observing Fig. 6, it is evident that as the
modal damping coefficient gradually increases, the amplitudes of the displacement and voltage responses
progressively decrease. This observation aligns with our intuitive understanding.



Modeling analysis and tuning of shunt piezoelectric damping controller 4419

-90 —— M=N=5,With corrections| -10 —— M=5,N=5,With corrections|-
— — M=N=5)No corrections — — M=5N=5No corrections
-100 —-— M=N=3,No corrections | 204 — - — M=3,N=3,No corrections |_|
Workbench Data Workbench Data

5 1104 o 301
3 = g
B 1204 o -40 1
2 2
s d -
& 130 & -50 1
= =

-140 4 -60

-150 =70 4

i
-160 4 . -80 4
T T T T T i g T T
0 10 20 30 40 50 0 10 20 30 40 50
Frequency(Hz) Frequency(Hz)
(a) Frequency response of displacement (b) Frequency response of voltage

Fig. 5 Frequency response comparison between with and without correction items

T T T T T T
-80 Modal damping £ =0 H 104 [—— Modal damping ¢ =0
90 = — Modal damping { ,-204005_ — — Modal damping ¢ ;=0.005
= - — Modal damping £ =0.05 = = Modal damping ¢ =0.05
-t004 B p e Modal damping { =0.1 H -20 4 - - -~ Modal damping ¢ ;0.1
g 107 8 0-
Q o
T 120 E y,
5‘3 130 4 """""" S S E‘J 40 -
= 1 =
-140 -
-50
-150 1
-160 4 -60 -
-170 4 .
T T T T -70 T T T T
0 10 20 30 40 50 0 10 20 30 40 50
Frequency(Hz) Frequency(Hz)
(a) Frequency response of displacement (b) Frequency response of voltage

Fig. 6 Frequency response under different modal damping coefficients

The impact of the number of modes considered in Eq. (37) on the frequency response of the system under
open-circuit and short-circuit conditions is investigated. Figure 7a, b adopt the parameters specified in Table
1. As illustrated in Fig. 7a, b, the resonance peaks in the open-circuit and short-circuit states shift towards
higher frequencies. As the number of selected modes increases, the resonance peaks progressively approach
the position where no piezoelectric sheet is attached. Additionally, the resonance peaks in the open-circuit and
short-circuit states exhibit a general similarity. This example demonstrates that the number of selected modes
has a certain influence on the resonance peaks under open-circuit and short-circuit conditions, indicating a
relationship with mode superposition. The slight disparity between Fig. 7a, b can be attributed to the chosen
material parameters. To further investigate this, the material of the plate is changed to aluminum, and the length
and width of the plate are reduced to half of their original values. The resulting frequency responses under
open-circuit and short-circuit conditions are depicted in Fig. 7c, d. Figure 7c, d exhibit more pronounced shifts
in the resonance peaks, indicating that the geometric and material properties of the plate have a certain impact
on mode superposition.
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3.3 Shunt tuning

Prior to commencing shunt tuning on the circuit, it is imperative to analyze the improved SCA algorithm.
Figure 8 illustrates the utilization of both the SCA algorithm and the improved SCA algorithm to search for
the minimum values of the two objective functions, as specified in reference [28]. The algorithm settings used
were consistent with those in reference [28], and the theoretical analysis suggests that the minimum values of
the two objective functions should be 0. Observing Fig. 8, it becomes evident that the improved SCA algorithm
exhibits improved convergence speed and accuracy when compared to the original SCA algorithm, thereby
affirming the effectiveness of the improved approach. Furthermore, reference [28] provides comparative results
between the SCA algorithm and other intelligent algorithms.

During the application of shunt piezoelectric damping for structural vibration control, various connec-
tion methods exist for the shunt circuit. The fundamental circuit configurations include parallel connection of
inductance (L) and resistance (R), series connection of inductance (L) and resistance (R), and series connection
of negative capacitance (C) and resistance (R). Each of these circuit forms requires specific parameter opti-
mization for the external components as the optimal values vary according to the chosen circuit configuration.
Hence, it is essential to conduct dedicated parameter optimization for different circuit configurations.
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(a) When the external circuit consists of inductance (L) in parallel with resistance (R), the optimal values for
resistance and inductance can be obtained as described in reference [32] through the following equations:

My, My,

—— Lopt = —71— (50)
Dllee ot Kllee

Ropt =

(b) When the external circuit consists of inductance (L) connected in series with resistance (R), the optimal
values for resistance and inductance can be obtained as described in reference [32] through the following
equations:

2M11K11Cpet+M 11 Eqy

Lo t = = =2 2

P 4K11Cpe EN+2ET 42K C2, 51)
R (2K110pe311+E%1+K121C[2,6)Lépt+M121—(2M11K11Cpe+M11Ell)Lopt

opt — M11CpeE11+M11K11C2,

First, the improved SCA algorithm is employed to optimize the parameter values when the inductance and
resistance are connected in parallel. Through the optimization process, the optimal values for inductance (L)
are determined to be 345H, and the optimal resistance (R) is determined to be 129,125 Q. Figure 9 illustrates
the changes in parameters during the optimization process. It can be observed that both the resistance (R) and
inductance (L) gradually converge to specific values, validating the convergence and feasibility of the improved
SCA algorithm.

Considering the first-order modal vibration, the parameter values for resistance (R) and inductance (L) are
determined using Eq. (50) and the improved SCA algorithm for both the series and parallel systems. For the
series system, the optimized values are determined as L, = 333H and R,,; = 4454Q. As described above,
the optimization results for the parallel system are also obtained. Figure 10 presents the comparison results of
the reduction in the first-order modal vibration kinetic energy achieved by these two optimization algorithms.
From Fig. 10, it can be observed that the parameters obtained through the improved SCA algorithm result in
a greater reduction in the system’s vibration kinetic energy.

Figure 11 presents the contour map depicting the reduction in system vibration kinetic energy for various
combinations of inductance and resistance values, considering the first-order modal vibration. The marked
points in the plot signify the optimal combination of inductance and resistance values achieved through the
utilization of contour plots, improved SCA algorithms, and Eq. (50), respectively. The visualization in Fig. 11
indicates that adopting component parameter values falling within the red area leads to the maximum reduction
in system kinetic energy. Moreover, the component parameter values obtained via the improved SCA algorithm
exhibit a closer proximity to those derived from the contour map (the observed discrepancy could potentially
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Fig. 10 Comparison of system kinetic energy reduction considering the first-order mode

be attributed to the discretization interval employed during the construction of the contour map). This further
attests to the reliability of the optimization outcomes.

Subsequently, the influence of multi-modal coupling is investigated by considering the first three-order,
first five-order, and first eight-order modal couplings of the system under both parallel and series configurations
of inductance and resistance. Equation (50) and the improved SCA algorithm are employed to optimize the
parameter values of inductance and resistance. The obtained parameter values are then applied to the circuit,
and a comparison of the system’s vibration reduction is conducted, as illustrated in Fig. 12. From Fig. 12, it is
evident that the parameter values obtained through the improved SCA algorithm exhibit a more pronounced
effect in suppressing system vibration as the number of mode couplings increases. This finding underscores
the superior performance of the optimized parameter values in mitigating the effects of multi-modal coupling
on the system’s vibration.

Taking into account the coupling of the eight-order modes, the parameter values of inductance and resistance
are kept constant, while the parameter values of other components are varied to determine the relative amplitude
reduction of the system compared to the open-circuit state. The results are presented in Fig. 13. From Fig. 13,
it is evident that the maximum reduction in system amplitude occurs at the optimal values of resistance and
inductance. This finding highlights the critical role played by these parameter values in achieving the highest
degree of amplitude reduction in the system.

The series connection of a negative capacitor and a resistor is considered, and the optimized capacitance
Copt = 6.4 % 10~7 F and resistance Ropt = 1352 are obtained using the improved SCA algorithm. Figure 14a
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Fig. 12 Comparison of the vibration attenuation of the R and L optimized by the existing method and the method in this paper
in the circuit considering different number of modal couplings. a—c are obtained from the parallel circuit, and e—f are obtained

from the series circuit

illustrates the reduction in system vibration achieved by employing the series circuit with the negative capac-

itor and resistor. From Fig. 14a, it can be observed that in the first five modes, the modal amplitude of the
system is reduced by at least 4.2 dB. Additionally, the vibration of the fourth and fifth modes, which have
close frequencies, is effectively controlled. This indicates that the series circuit with negative capacitance and

resistance exhibits a significant inhibition effect on the vibration of the system with densely spaced modes.

Figure 14b demonstrates that the optimized parameters further shift the system’s poles to the left. This shift

indicates an increased damping in the mechanical system, thereby enhancing the vibration suppression effect
of the system.
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Finally, a comparison is conducted to assess the amplitude reduction of kinetic energy among the three
fundamental circuits in near the first-order natural frequency, considering only the first-order mode. The com-
ponent parameter values for all circuits have been optimized using the improved SCA algorithm, and the
corresponding results are presented in Table 3. Analysis of Table 3 reveals that the utilization of a series con-
nection of negative capacitance and resistance yields a greater reduction in kinetic energy compared to the other
two circuits. Moreover, this configuration demonstrates the ability to effectively suppress vibrations associated
with multiple order modes, as depicted in Fig. 14. However, it should be noted that the implementation cost
associated with the series circuit comprising a negative capacitor and resistor is higher than that of the other
two circuits. In practical applications, a combination of the three fundamental circuits can be employed to
achieve more efficient vibration suppression.
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Table 3 Kinetic energy amplitude reduction of the three circuits near the first-order natural frequency

Circuit Component parameter values Kinetic energy reduction
(dB)
Resistance (Ohm)  Inductance (Hy)  Negative capacitance (F)

Resistance and inductance 129,125 345 - 11.1487

in parallel
Resistance and inductance 4454 333 - 11.2132

in series 5
Negative capacitance in 135 - 6.4 x 10 13.0600

series with resistance

4 Conclusions

This paper introduces a novel optimization algorithm and criteria for optimizing the parameters of piezo-
electric transducer circuit components, with the goal of effectively suppressing bending vibrations in flexible
structures. Firstly, a theoretical investigation is conducted on the commonly used parallel, series, and negative
capacitive impedance circuits. Detailed derivations establish the response relationship between external exci-
tation, rectangular plate displacement, and piezoelectric induced voltage. Additionally, the coupled dynamic
model and transfer function model of the composite system are obtained. Next, evaluation criteria for bending
vibration suppression are formulated by solving the system’s frequency response and kinetic energy power
spectrum. The SCA algorithm is further optimized through various enhancements, including improvements
in the update direction and step size of the optimization solution. Moreover, the inclusion of inertia weight is
employed to optimize the convergence speed of the solution. Furthermore, an action factor is introduced to
reduce fluctuation around the optimal solution during the later stages of the algorithm. These optimizations
significantly enhance the global search ability and local development accuracy of the algorithm.

The accuracy of the derived dynamic model and transfer function model is verified using the commercial
finite element simulation software Workbench. Response analysis of the system is performed under various
parameter values, damping conditions, and excitations. Furthermore, optimization calculations are conducted
to determine the component parameter values in an example circuit. The obtained calculation results are then
compared with those obtained using the previous method. This comparative analysis serves to validate the
effectiveness and advantages of the proposed algorithm in optimizing the component parameter values in the
shunt piezoelectric damping circuit.
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