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ABSTRACT

CPVA (Cantilever piezoelectric vibration absorber) is a mechanism consisting of masses, springs, dampers and
piezoelectric cantilever. In this study; CPVA acts as a vibration absorber and can generate electrical energy. CPVA is able
to reduce the vibration of the damped system that vibrates translations and rotations due to the shift in position of
excitation force on the main mass. At the first natural frequency the damped system is 7.56 rad/s, the CPVA mechanism
reduction value with distance f =0.4m from the center of main mass, capable of damping the maximum translational
vibration by 98% and the maximum rotational vibration of 67%.Furthermore, the number of piezoelectric cantilever as

many as 1400 pieces produce electrical energy for 8.6 e-05 W.
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INTRODUCTION

Research on Dynamic Vibration Absorber (DVA)
was done by Pachpute [1] and Dobry [2] to find out the
response of the system without DVA and with damped
DVA. From the experimental results, the system that
produces the maximum reduction is Dynamic Vibration
Absorber (DVA) with the optimum ratio of mass ratio ()
= 0.2, the damping ratio ({) = 0.125 and the tuning ratio
(f) = 0.7 to 0.8. Similarly, research conducted by Aida
AAD [3], about the simulation and testing methods of
cantilever absorber Dynamic Vibration Absorber with the
ratio of the distance (r/L) variation. The results stated that
the optimum reduction occurred atr /L = 0.4.

Patel's research [4] investigated the use of
cantilever piezoelectric to determine the effect of
piezoelectric length and mass on natural frequency and its
deflection, as the deflection affects the generated electrical
energy. Similarly, Mineto's research [5], de Silva [6]
which states that the greatest electrical energy occurs at a
natural frequency.

G.A. Hassaan [7] conducted a DVA system
research to reduce vibration in the main system and serve
as a harvester of electrical energy. It is found that the
optimum natural frequency of absorber-harvester with
mass ratio between 0.05 to 0.45 and damping ratio
between 0.1 to 0.4. W. Rahma Efendy [8] investigated the
mechanism of CPVA (Cantilever Piezoelectric Vibration
Absorber) using a simulation method. The results of the
simulation show that the generated power and the highest
CPVA reduction percentage are 3.52E-7 watt and 20, 36%
at natural frequency. Wiwiek Hendrowati [9] also
investigated the mechanisms that wuse Multilayer
Piezoelectric to harvest the kinetic energy of shock
absorber. By pairing the Multilayer Piezoelectric Vibration
Energy Harvesting (ML PZT VEH) mechanism to shock
absorber, the shock absorber performance is undisturbed
and the wasted energy can be utilized into electrical
energy, i.e. 6.23 volts and 1.6 m Watt.

This paper discusses the multi-DOF vibration
reduction analysis caused by the excitation force applied
not on the center of gravity of the main mass or the
unbalanced stiffness characteristic that can produce
translational and rotational vibration. The vibration
reduction analysis of the damped system is modeled and
simulated. The effect of Cantilever Piezoelectric Vibration
Absorber (CPVA) position in reducing vibration of the
damped system and the electrical energy produced by
Cantilever Piezoelectric is also discussed. CPVA is a
mechanism that combines the working principles of DVA
and energy harvesting to reduce vibration while generating
electrical energy.

METHODOLOGY

Damped system without CPVA

Multi-DOF  vibration occurs because the
excitation force applied to the main mass is not at the
center of gravity.The damped system comprising the main
mass (M), spring (k;, k), and damper (c;, c,), which is
excited by a harmonic excitation force as shown in Figure-
1. The excitation force applied to the main mass is the
result of the base motion connected with the springk,. The
shift in position of the excitation force with distance o
from the center of gravity of the main mass produce a
multi DOF translational and rotational vibration of the
main system. Figure-1 is the dynamic model of a damped
system without CPVA.
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Figure-1. The dynamic model of damped system without

CPVA.
in which
M, : main mass (5 kg)
Y : amplitude of excitation displacement (0.01 m)
ko : spring coefficient of excitation force (152.2 N
/m)

ki, ko :spring coefficients 1 and 2(3561.6N/m)

¢, ¢y : damping coefficients 1 and 2(2 Ns/m)

I, 1, : length distance 1 and 2(0.4 m)

o : excitation force distance to the center of gravity
of the main mass(0.2 m)

From the dynamic model of the system seenin

Figure-1. The dynamic equation of the system can be
derived as follows:

Mljél + (Cl + Cz)xl + (k1 + kO + kz)xl + (klll -
kol — koa)0; + (c1ly — c313)0; = koy (D

]1é1 + (c1ly = calp)%q + (kyly — kylp — ko(x)X1 +
(k1l% - kzlg - ko‘xz)91 + (011% - C21%)91 = —koy.a (2)

Equations (1) and (2) can be written in matrix
form as (3),

[M]% + [C]x + [K]x = {F} 3)

where [M], [C], and [K] are called the mass, damping, and
stiffness matrices, respectively, and are given by

M, O
M =
M=1o
[C] — (Cl + CZ) (Clll - CZIZ)
(Cily — Gly) (C1l% - Czl%)
(K] = (Ky + K; + Ko) (K Ly — K3l — Kpa)

(Kilh — Kl — Kpa) (kll% - kzl% - koaz)

The motion equation of dynamic model in matrix
form as

M, 0] {Xl} T €, +C) (Gl - Czlz)] {Xl} n
0 J; él €l = Coly) (e —c,13) él
[ Ky +K; +Kp) (Kqly = Kyl = Ko) ] {X1} _ {Koy} )
(Kil; = Kzl = Koa) - (Ki1f = K,15 — Koa®)]16,) ~ L o
To determine the natural frequency of the
damped system can be determined by a fundamental
analysis. Equation (4) can be arranged as follows:

M1]1004_(]1(K1 + K; +Kp) + Ml(Kll% - Kzl% -
KO(XZ))(,OZ + (Kl + Kz + KO)(Kll% - Kzl% - KOOLZ) +
(Kil; = Kzl = Koa) (Kqly — K1, — Koa) (5)

Equation (5) is called the frequency or
characteristic equation because the solution will produce
the value of the natural frequency of the system w;and ;.

Damped system with CPVA

In this case, a damped system is added to the
CPVA (Cantilever Piezoelectric Vibration Absorber)
mechanism which acts as a vibration absorber and can
generate electrical energy. Figure-3 shows a damped
system with an excitation force at o = 0.2mand the
position of CPVA is shifted as far as B from the center of
gravity of the main mass.

xz(t)T -

k4eq Caeq
Caeq 3 ks k49q
X3(t) M3eq MSeq
- B > M1
[ I —O"& ............. 1. _
X1(t)£ e
ko
k1 c1 c2 k2

i

Figure-2. The dynamic model of damped system
with CPVA.

From the dynamic model of the damped system
with CPVA as seenin Figure-2. The dynamic equation can
be derived as follows:

The equation of motion of the main mass can be
written as equation (6) for translational motion and as
equation (7) for rotational motion.

MiX; + (c1 + ¢z + c3)%g + (kg + Ky + kg +Kko)xg +
(kil; —kal; + k3B — ko0)8; + (c1]y — 5l + ¢3B)0, —
k3x; — c3X; =Koy (6)

]161 + (c1ly — caly + c3B)%y + (kely — kpl; — koo +

k3B)X1 + (kll% - kzl% + koaz + k382)91 +
(c113 = o5 + ¢3B%)0; — K3B.x, — c3B.%, = —koy.a (7)
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The equation of motion of the absorber massis
written in equation (8)

M2X2 - ng:} + C3X2 - k3x1 + (k3 + k4eq)x2 - k4eq.x3 -
k391ﬁ - C391ﬁ +T. Tl.Vp =0 (8)

Theequation of motion of the -cantilever
piezoelectric massis written in equation (9)

ARPN Journal of Engineering and Applied Sciences -
PN
M;e,  :the equivalent mass of the cantilever
piezoelectric
ks : spring coefficient 3 (400 N/m)
kseq : the equivalent spring coefficient of the
cantilever piezoelectric (805 N/m)
C3 : damping coefficient 3 (2 Ns/m)
n : quantity of piezoelectric cantilever
r : the coupling factor of the cantilever
piezoelectric

M3€qX3 - k4eq.x2 + k4eqX3 —TI'.n. ]/p =0 (9)

where

The specification of piezoelectric material used in
this study can be seen in Table-1.

Table-1. Parameters of piezoelectric materials.

Parameters Symbol Value Unit
Piezoelectric Mass M, 3x107* kg
Thickness of Piezoelectric t 1x1073 m
Width of Piezoelectric Whze 6x1073 m
Length of Piezoelectric Lpze 17.8 x1073 m
Capacitance Cpze 244 x 10712 F
Stralp COfolle?nt of day 110 x 1012 C/N
Piezoelectric
Electromechanical coupling ks 12 %
factor
Stiffness constant of -1
Piezoelectric Kpzt 37510 N/m
Modulus Young E 3x107° N/m?

The matrices [M], [C] and [K] are formulated
according to equation (10)

(Ci+C+C) (Gl —ClL+Cp —C; O
[c] = (Cl; —Cl + C3b)  (Ci1f —Cl3+C3p?) —CsBp O
—C

3 _C3B Cs 0

M, 0 0 0 0 0 00

0 Ji 0 0
M| =
MI=1y % M, O

0 0 0 M;

(K1 +K; + K3 + Ky) (Kyly — Kl + K3l — Kpa) —K; 0
[K] — (K1l1 - Kzlz + K3l3 - Koa) (Kll% - Kzl% + K3l§ + Koaz) _K3ﬁ 0 (10)
—K; —-K;pB (K3 +K,) —K,
0 0 ~K, K,

Based onequation (6) to (10), the characteristic
equation of the damped system with CPVA will produce
four natural frequencies.

RESULT AND DISCUSSIONS

From the dynamic equation of motion of the
damped system without CPVA, the bode diagram graph in
Figure-3 is obtained. The figure shows that the shift in
location of the excitation force of the center of gravity of
the main mass affects the natural frequency of the system.

Figure-3 shows the graph of the system natural
frequency due to the shifting of the excitation force as far
as o from the center of gravity of the main mass. At the
distance of the excitation force of o = 0, the system will

experience translational vibration with natural frequency
of 38.14 rad/s. Furthermore, shifting the distance of
excitation force between o = 0.2 m and a = 0.4 m will
cause the system to have 2DOF, i.e. translation and
rotation, so that the damped system has 2 natural
frequencies.
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Figure-3. Bode diagram of the damped system
without CPVA.

Where, the farer the distance between the excitation forces
to the center of gravity of the main mass, increase the first
natural frequency of the system. Furthermore, the second
natural frequency of the damped system has a magnitude
similar to the first natural frequency in the 1DOF damped
system. In addition, the displacement amplitude occurring
at its natural frequency will be smaller, if the excitation
force is farer from the center of gravity of the main mass.
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Figure-4. Bode diagram of the damped system
with CPVA.

Figure-4 shows that the position of CPVA with a
certain distance from the center of the main mass will
accelerate the achievement of the first natural frequency.
But the position of CPVA away from the center of the
main mass will make the first and second natural
frequency ranges larger. While at third and fourth natural
frequency, the effect of the position of CPVA is not very
significant, at all distances .

Analysis of the main mass vibration reduction

Installation of the CPVA mechanism on the main
mass causes the reduction of vibration response in the
main mass. Figure-5 shows the main mass translational
vibration response without CPVA and with CPVA, which
is placed as far as B from the main mass center. The
excitation force is given at a = 0.2m from the main mass
center.
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Figure-5. The translational displacement and reduction of
the main system.

The reduction analysis is done at the first natural
frequency of 7.56 rad/s from the main system because the
design of CPVA is used to damped the first natural
frequency of the main system. Installation of CPVA at
distance = Om from the center of gravity of main mass
causes the amplitude of the translational vibration
response to coincide with the amplitude of the main
system response without CPVA.

Whereas in the position of CPVA away from the
center of gravity of main mass, the amplitude of the main
mass vibration response at the first natural frequency is
low. At the first natural frequency, the maximum vibration
response reduction at § = 0.4 m is about 98%. However, at
B = Om, the reduction value is -28%. Its means at f = Om,
the translational vibrationof the system is not reduced.

The position of CPVA with distance B from the
center of gravity of main mass also produces a rotational
vibration response of the main mass. In Figure-6, an
angular vibration response with f = 0.2m coincides with
the angular vibration response of the main mass without
CPVA. Likewise, at the distance P that far from the center
of gravity of main mass, the angular vibration response at
the first natural frequency of the main system is lower.
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The maximum value of the angular vibration reduction
occurs at B = 0.4 m approximately 67%.
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Figure-6. The angular displacement and reduction of the
main system.

Generated electrical energy from the CPVA
mechanism

1, 400 piezoelectric cantilevers are also installed
in the CPVA mechanism. When the mass of the absorber
vibrates, the piezoelectric mass also moves, causing a
deflection on cantilever and generating electricity. The
power generated by the piezoelectric cantilever is shown
in Figure-7.
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Figure-7. Electrical power generation.
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Figure-8. Electrical energy of CPVA mechanism.

The Figure-8 shows the effect of the position of
CPVA from the center of gravity of main mass to the
generated electrical energy. At a distance f = 0 m, CPVA
is unable to damped our the translational vibration of the
main mass, so that the cantilever piezoelectric deflection is
getting bigger and the electrical energy generated is also
large. While at § = 0.4m, CPVA is able to reduce
translational vibration by 98% and rotation by 67%, so the
cantilever piezoelectric deflection is small. This causes the
generated electrical energy is also small.

The number of piezoelectric cantilever also
affects the generated electrical energy. Figure 9 shows that
a growing number of cantilever piezoelectric cause greater
stiffness and smaller deflections. While the number of
cantilever piezoelectric as much as 1400 pieces produce
electrical energy for 8.6 e-05 W.
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Figure-9. The influence of the number of piezoelectric
cantilever on the generated electrical energy.

CONCLUSIONS

In this study, the position of CPVA at the center
of gravity of the main mass will affect the first and second
natural frequency ranges. Installation of CPVA on the
main mass is designed to reduce vibration at the first
natural frequency. At the first natural frequency of 7.56
rad/s and the CPVA position at § = 0.4 m, causing a
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reduction in the maximum translational vibration response
of about 98% and a rotational vibration of about 67%.
However, the position of CPVA at B = 0 m, the system is
not reduced its translational vibration. While the number
of cantilever piezoelectric as many as 1,400 pieces
generate electrical energy for 8.6 e-05 W.

ACKNOWLEDGEMENTS

This work was supported by Vibrations and
Dynamic System Laboratory, Department of Mechanical
Engineering-ITS and  Programe of  “Penelitian
Pengembangan Prototipe” Non PNBP LPPM-ITS 2017
Funding.

REFERENCES

[1] Pachpute A.Z., Bawa P, B. 2016. Optimum Design of
Damped Dynamic Vibration Absorber - A Simulation
Approach.  International Journal of Recent
Engineering Research and Development (IJRERD).
01(02), ISSN: 2455-8761.

[2] Dobry Marian Witalis. 2016. Energy Analysis of a
Mechanical System with a Dynamic Vibration
Absorber., Vibrations in Physical Systems. Vol. 27.

[3] Daman A AA, Harus LG, Susastro. 2016. The
influence of dynamic vibration absorber to reduce the
vibration of main system with 2-DoF, Conference:
Proceedings of the International Mechanical

Engineering and Engineering Education Conferences

(IMEEEC 2016), Doi: 10.1063/1.4965762.

[4] R Patel, S McWilliam and A A Popov. 2011. A
geometric parameter study of piezoelectric coverage
on a rectangular cantilever energy harvester, Smart
Materials and Structures, Published 28 June 2011 e
IOP Publishing Ltd. 20(8).

[5] A. T. Mineto. 2010. Modeling of a Cantilever Beam
for Piezoelectric = Energy
Departamento de Engenharia Mecénica, Escola de
Engenharia de Sdo Carlos, USP.

Harvesting,  brazil:

[6] S. d. Silva. Vibration Energy Harvesting Using
Piezoelectric Transducer and Non Controlled
Rectifiers Circuits, J. of the Braz. Soc. of Mech. Sci.
& Eng., 201, Vol. XXXIV, pp. 378-385.

[71 G. A. Hassaan. 2014. Optimal Design of A Vibration
Absorber-Harvester Dynamic System, International

Journal of Research in Engineering and Technology
(IJRET), eISSN: 2319-1163.p ISSN: 2321-7308.

[8] W. Rachma Efendydan W. Hendrowati. 2018.
Analysis and Modelling of Reducing Translational
Vibration Response in main System And Electrical
Energy Generated By Dynamic Vibration Absorber
Mechanism With Cantilever Piezoelectric (CPVA)
Method. ARPN Journal of Engineering and Applied
Sciences, 13(2), ISSN 1819-6608.

[9] Wiwiek Hendrowati, Harus Laksana Guntur, I.
Nyoman Sutantra. 2012. Design, Modeling and
Analysis of Implementing a Multilayer Piezoelectric
Vibration Energy Harvesting Mechanism in the
Vehicle Suspension, Engineering. 4, 728-738
http://dx.doi.org/10.4236/eng.2012.411094, Published

November 2012

(http://www.SciRP.org/journal/eng)

Online

[10]S. Rao, Singiresu. 2004. Mechanical Vibration,
Singapore: Prentice Hall PTR.

[11]Close M.C., Frederic K, D., dan Newell C.J. 2002.
Modelling and Analysis of Dynamic System (third
ed.). Hoboken: Jhon Wiley & Sons, Inc.

4832


http://iopscience.iop.org/journal/0964-1726
http://iopscience.iop.org/journal/0964-1726
http://iopscience.iop.org/volume/0964-1726/20
http://www.scirp.org/journal/eng

