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Abstract

This paper presents dynamic characteristics of a novel type of inertial actuator featuring piezoelectric materials for a

mount system. As a first step, the piezoceramic stack is devised and its force and displacement characteristics are

experimentally investigated with respect to the applied voltage. Subsequently, a new type of inertial actuator is constructed

and its dynamic model is derived. The effectiveness of the model is then verified through comparison of voltage-dependent

actuating forces between experiment and analysis. In addition, actuating force of the proposed inertial actuator is identified

with respect to the applied voltage.

r 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Recently, smart material actuators such as piezoelectric material, shape memory alloy and electro-
rheological fluid are widely used for effective vibration control of flexible structures [1–3]. Among these, the
piezoelectric material is the most promising candidate since it features fast response time and easy
controllability. When the piezoelectric material is used for vibration control, there are basically two
approaches. One approach is to directly bond the piezoactuator on the structures. This method is simple to
fabricate and effective for the small-sized structures, which have high flexibility [4–6]. The other approach is to
use active mount (or isolator), which can be fabricated using the piezoelectric actuator and rubber element,
and applied to the vibration control systems. This method is complicated, but very effective for the large-sized
flexible structures [7,8].

The active mount featuring the piezoelectric elements can be classified into two types: parallel type and
serial type. The parallel type uses an active piezoelectric element placed between the vibration source and
receiver (base) [9,10]. This type is very useful for the control of vibration source, and requires small stiffness of
the active element. The serial type uses active piezoelectric elements placed between the vibration source and
intermediate mass [11,12]. This type is also useful for the control of vibration source in discrete vibrating
systems and needs appropriate weight on controls of vibrating source or force transmission to the base
ee front matter r 2007 Elsevier Ltd. All rights reserved.
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structure. Even though these two types of active mounts are widely used for vibration control of various
dynamic systems, alternative means of active mounts need to be devised by adopting inertial actuator [13] in
order to achieve successful vibration control of flexible structures instead of the vibration source.

The main contribution of this work is to propose a new type of inertial piezostack actuator, which can be
adapted to an inertial type of mount, and experimentally identified its dynamic characteristic. The proposed
inertial actuator consists of top inertial mass, pre-stress spring and piezoelectric element. After constructing
the piezoceramic stack, the relationship between actuating force and applied voltage is derived. In addition,
the voltage-dependent displacement is experimentally identified with respect to the exciting frequency.
Subsequently, a new type of inertial actuator is constructed and its dynamic model is derived. The effectiveness
of the model is then verified through comparison of voltage-dependent actuating forces between experiment
and mathematical model.

2. Piezoceramic stack

In phenomenological terms, the piezoelectricity is described as coupling between a quasi-static electric field
and dynamic mechanical motion. The direct and converse piezoelectric effects have been treated as reversible.
The linear constitutive relations of the piezoelectric materials are typically represented in a matrix notation as
follows [6,7]:

Sp ¼ sE
pqTq þ dkpEk, (1)

Di ¼ diqTq þ �
T
ikEk. (2)

In the above, S is the strain tensor, SE is the elastic compliance matrix when subjected to a constant
electrical field, T is the stress tensor, d is the matrix of piezoelectric charge constants, D is the electric
displacement tensor, and eT is the permittivity measured at a constant stress. These equations essentially state
that the material strain and electrical displacement exhibited by the piezoelectric material are both linearly
affected by the mechanical stress and electrical field to which the piezoelectric material is subjected.

The electromechanical behavior of the piezoceramic actuator (or piezoelectric stack actuator), providing
actuation along the polarized direction, can be expressed as follows:

S3 ¼ sE
33T3 þ d33E3, (3)

D3 ¼ d33T3 þ �
T
33E3. (4)

Thus, the constitutive equation of the piezoceramic actuator, stacked by n piezoelectric layers, can be
derived as follows:

F pðtÞ ¼ AT3 ¼
A

s33
S33 �

Ad33

s33
E3

¼
A

s33

dðtÞ
l
�

nAd33

s33

V pðtÞ

l

¼ KpdðtÞ � apV pðtÞ ¼ KpdðtÞ � F aðtÞ. ð5Þ

In the above, FP (t) is the load applied to the piezoceramic actuator, A is the cross-sectional area of the
piezoelectric ceramic element. l and d(t) are the length and stroke of the piezoceramic actuator, and Fa(t) is the
force exerted by the electric voltage Vp(t). Kp( ¼ A/s33l) is the spring rate, ap( ¼ Ad33n/s33l) is the proportional
constant which is related to the total stack capacitance C as follows [14]:

ap ¼
g33C

nS33
, (6)

where g33 is the matrix of piezoelectric voltage constants.
The schematic configuration and photograph of piezoceramic actuator devised in this work are shown in

Fig. 1. For the piezostack 46 layers of bipolar piezoelectric ceramic disc with the thickness of 50 mm are piled
and pre-stressed by the preload spring. The elements of the piezoelectric ceramic discs are connected



ARTICLE IN PRESS

Prestress Spring

Piezoelectric Elements

Housing

Moving Top End

a

b

Fig. 1. Configuration of the piezoceramic stack: (a) schematic configuration and (b) photograph.
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Fig. 2. Experimental setup for the force–displacement measurement.
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electrically in parallel. The pre-stressing of the stack actuator improves the actuator performances, and also
compensates the tensile stress to prevent damage of the piezoelectric ceramic discs. Furthermore, it increases
the actuator stability against impact of bending or other non-axial forces. In this work, the preload imposed to
the piezoceramic actuator is 300N. The outer dimension of the piezoelectric stack and housing are
D13�L36mm and D18�L51mm, respectively.

The basic performances of the piezoceramic actuator such as the displacement and force characteristics are
investigated in the time and frequency domains. Fig. 2 presents the configuration of the experimental setup for
the measurement of the displacement and force of the piezoceramic actuator. The piezoelectric stack is fixed to
the base and activated by the voltage amplifier (Model 50/750, Trek, USA). The gain of voltage amplifier is set
to be 20(V/V). The function generator (Model 178, Wavetek, USA) is used to provide the command signal
input to the high-voltage amplifier. The displacement of the piezoelectric stack actuator is measured by the
laser sensor (LC2430, Keyance, Japan), while the force is measured by the force transducer (Type 8200, B&K,
Denmark). It is noted that the steel structure is used to apply the spring load to the piezoceramic stack
actuator.
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Fig. 3. Frequency responses of free-displacement of the piezoceramic actuator: (a) magnitude and (b) phase.
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Fig. 3 presents the frequency response of the displacement of the piezoceramic actuator without mechanical
load (or without the spring load). In other words, the displacement shown in Fig. 3 indicates the free-extension
with various voltage magnitudes. It is clearly seen that the free-displacement is increased as the voltage
increases. In addition, it is observed that the piezoceramic stack used in this work can produce the
displacement of 3.4 mm by applying voltage of 160V within the frequency range of 300Hz. It is noted that the
operating frequency is far below the first natural frequency of the actuator because the target mount system,
which consists of the proposed inertial actuator, and rubber element operates at the frequency range of
300Hz. Fig. 4(a) presents the time response of the piezocramic actuator with the spring load. The sinusoidal
voltage with frequency of 100Hz is applied and the corresponding force is measured. The force is increased as
the voltage increases, as expected. Fig. 4(b) presents the force vs. displacement diagram of the piezoelectric
stack actuator. From the slope of the force vs. displacement, the averaged value of the stiffness is obtained by
63MN/m. On the other hand, the voltage-dependent actuating force of the piezoceramic actuator Fa(t) can be
obtained by adopting the value which intercepts the zero displacement. The actuating force of the
piezoceramic actuator is evaluated by 220N at the input voltage of 160V.

3. Inertial actuator

In this work, a new type of inertial active actuator is devised utilizing the piezoceramic stack actuator.
Fig. 5(a) shows the schematic configuration of the proposed inertial active actuator. The actuator consists of
the inertial mass on the top of the piezoceramic stack, the pre-stress spring and the housing. The force, exerted
by the piezoelectric effect, acts on the inertial mass and reacts to the opposite side of the piezoceramic
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Fig. 4. Dynamic characteristic of the piezoceramic actuator under spring load (excitation frequency: 100Hz): (a) force vs. time and (b)

force vs. displacement.
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actuator. Fig. 5(b) presents the mechanical model of the proposed inertial active actuator. From the
mechanical model, the equation of motion of the inertial active actuator can be derived as follows.

mI €yI ðtÞ þ cp _yI ðtÞ þ kpyI ðtÞ þ F aðtÞ ¼ 0, (7)

F iðtÞ ¼ mI €yI ðtÞ. (8)

In the above equations, yI is the displacement of the inertial mass mI, cp is the damping constant, and Fi(t) is
the inertial force. The weight of the inertial mass should be chosen by considering the control force
requirement and modal characteristics of the flexible structure to be controlled. By incorporating the actuating
force of the proposed piezoceramic actuator with the above equations, an appropriate size of the actuator has
been fabricated as shown in Fig. 5(c). The inertial mass is set by 0.55 kg.

As a first step, in order to investigate the time delay due to the inertial mass the phase of the inertial force is
measured and presented in Fig. 6. It is clearly observed that the proposed active actuator does not cause the
time delay due the inertial mass at various voltages. Fig. 7 presents the time response of the inertial force of the
proposed active actuator. The sinusoidal voltage with the magnitude of 50V is applied and the inertial force is
measured from the force transducer. On the other hand, the inertial force is predicted from Eqs. (7) and (8)
and compared with the measured one. It is clearly seen that the agreement between the experiment and
prediction from the model is favorable. The inertial force is also identified as a function of exciting frequency
and presented in Fig. 8. As expected from Eqs. (7) and (8), the inertial force is increased as the frequency
increases with the same applied voltage. It is also observed that the proposed model fairly well predicts the
measured inertial force.
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Fig. 9 presents the identified actuating force exerted by the proposed inertial actuator featuring the
piezoceramic stack actuator. The actuating force, Fa(t), can be expressed as a linear function. But for the better
identification of the actuation force, an exponential function of the input voltage is adopted as follows:

FaðtÞ ¼ a1ðV pðtÞÞ
a2N. (9)

In the above equation, the proportional coefficient a1 and exponent a2 are identified by 0.50 and 1.24,
respectively. The identification of the actuating force is very important when we consider appropriate
application systems. For instance, static mass of the flexible vibrating structures is directly related to the
actuating force.
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Fig. 7. Time response of the inertial force generated by the inertial actuator.
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Fig. 8. Frequency responses of the inertial force generated by the inertial actuator.
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4. Concluding remarks

In this work, a new type of inertial actuator featuring the piezoceramic stack actuator was devised and its
dynamic characteristics are experimentally verified. The proposed inertial actuator consists of the inertial mass
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on the top of the piezoceramic stack, the pre-stress spring and housing. After experimentally evaluating the
voltage-dependent displacement and force of the piezoceramic actuator, a mathematical model of the inertial
actuator was derived. A comparative work on the inertial force between experiment and prediction has been
undertaken showing the validity of the proposed dynamic model. In addition, actuating force of the inertial
mount has been identified in exponential form. It is finally remarked that application of the proposed inertial
actuator to the inertial mount for the vibration control of flexible structures will be explored as a second phase
of this preliminary study.
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