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An Experimental Study on Active Vibration Suppression of
Composite Structures

CHEN Yong', TAO Bao-qi', GAQO Wei?
(1. The Aeronautical Lab for Smart Materials and Structures. NUAA. 210016; 2. Natonal Research Center of Turbo
Engine Vibraton, South East University, Nanjing 210016)

Abstract; The vortex-induced buffeting loads on aircraft may cause high cyclic strain and stress in
aircraft composite structure and lead to composite delamination. To simulate the active vibration
suppression for such composite structures, an experimental system is designed, where collocated
piezoeletric sensors/ actuators are bonded to the surfuce of a composite cylindrical shell, and the
maximum determinant of Fisher Information Matrix criteria is used to arrange the piezoelectric
network. With sine and square acoustic fields as exciting source and with the filtered adaptive control
algorithm to control the deformation of the actuators, a close loop control is established to minimize the
selexted vibration modes of the cylindrical shell. Experiments on the system show that the selected
modes can be suppressed effectively but higher modes are also excited and lead to significant noise
radiation which should be treated carefully in future research.

Key Words. composite material; aero-elastic buffetting; vibration supporession; adaptive control;

smart structure
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Abstract: Stack actuator is a solid-state driving component of Active Tailing Edge Flap in smart ro-

tor systems. It is a multi-layer serial structure of basic units composed of electrostrictive and adhesive

layers. In this paper, a dynamic model of the actuator is derived based on the constitutive equation of

electrostrictive material and the equation of motion. Theoretical analysis is made on the factors in-

volved in the design of the actuator, which reveals that the electrostrictive layer and the adhesive lay-

er should be optimized to compromise between displacement and frequency requirements. In the final

part of the paper, the experiment of an ATEF system is introduced. The results show that the model

is reasonable. It also suggests that the bending stiffness of elastic mechanism is an important factor in

design, which should be carefully studied to provide satisfactory dynamic response of the ATEF sys-

tem.
Key words:
CLC number: V214 Document code: A

Helicopter is a complex dynamic system with
many rotating components. The rotor blades oper-
ate in a highly complex aerodynamic environment.
The vibratory hub load, which is caused by cyclic
variation of centrifugal and aerodynamic load of the
rotating blades in flight, is transmitted to the fuse-
lage, resulting in serious vibration and noise of the
structure. It is one of the most important exciting
sources in helicopters.

There has long been a desire to reduce heli-
copter vibration and to improve its performance.
Control schemes adopted so far can be classified as
either passive or active control technologies. The
passive technologies include optimization of rotor
hub, blade and the fuselage, hub or blade mounted

passive vibration absorbers and anti-resonant vibra-

adaptive rotor; stack actuator; electrostrictive material

tion isolators. One of the major disadvantages with
passive technologies is that they are designed to
provide maximum vibration reduction at a specific
frequency; therefore, their performance is degrad-
ed significantly with changes in the operating con-
ditions of the rotor system.

With the development of computer science
and active control technology, increasing efforts
have been devoted to active control technologies to
benefit helicopter vibration suppression in recent
years. Earlier studies include Higher Harmonic
Control (HHC)M and Individual Blade Control
(IBC)Y™!, which is aimed to reduce the vibratory
blade load by oscillating the blade in pitch motion
using hydraulic actua;tors. It is successful in sup-

pressing the vibration of the fuselage; however, its
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application is limited by serious energy consump-
tion.

To overcome these difficulties, a new concept
in helicopter vibration control is the smart rotor
system. In this scheme, actuators are embedded in
composite blades. They are used to activate the
trailing edge flaps in higher harmonic pitch motion
to adjust the lift force actively. Under the regula-
tion of a control system, the vibratory hub load
can be counteracted actively at the source.

Compared with the HHC and IBC concept,
the smart rotor is promising in reducing energy
consumption and simplifying the control system.
However, in order to satisfy the requirements of
vibratory load control, the flaps have to be con-
trolled both quickly and precisely (frequency re-
sponse up to 4w, amplitude of pitch angle between
6° to 8°+'3), Currently, many experimental studies
are being taken to develop ATEF systems using in-
tegrated actuator technology in smart structure,
and to satisfy both the compact and high efficiency
requirements.

The integrated actuators are made of func-
tional materials, producing displacement under ex-
ternal voltage. Electrostrictive material is a kind of
ferroelectric ceramic, the strain is approximately of
the 2™ order relationship with actuating electric
field, and can be used in the development of a solid
actuator in smart rotor systems. However, since
the displacement of the actuator not only depends
on its structure, but also relies on external force
and voltage, a mathematical model is needed to
predict its output characteristics in design.

In this paper, a dynamic model of the stack
actuator is derived using the principle of force e-
quivalence, which is based on the constitutive e-
quation of ferroelectric material and the equation of
motion. Theoretical analysis is made on the factors
involved in the design of stack actuators. At the
end of the paper, a stack actuator is designed ac-
cording to theoretical analysis. Experiments of an
adaptive trailing edge flap model are introduced to
verify the feasibility of the model.

1 Mechanical Model of Stack Actuator

1.1 Structural analysis of stack actuator

A driving mechanism of ATEF is shown in
Fig. 1. The displacement of the actuator is deter-
mined by the structure, electric-mechanical con-
version efficiency of functional material, external
load and frequency. Since the displacement is rela-
tively small, it is amplified by an L-shaped elastic
lever mechanism before driving the trailing edge
flap through a plane rocker mechanism. Besides
displacement amplification, the elastic mechanism
is also used to overcome the clearance between me-

chanical joints.
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Fig.1 Schematic diagram of ATEF system
To increase the displacement and to avoid de-
crease in load capacity, a stack structure is adopted
in actuator design. A serial multi-layer stack struc-
ture of basic units is the design of actuators, which
is composed of a electrostrictive layer, electrode

layer and adhesive layer, as shown in Fig. 2.
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Fig. 2 Structure of stack actuator
Without taking the bour;dary effect and current
leak into account, displacement occurs to the stack
actuator under electric field in the direction of
thickness (polarization).
Since the electrode coating is so thin in thick-
ness that it can be neglected in analysis. Every ba-

sic unit is composed of two parts: the electrostric-
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tive layer and the adhesive layer. The whole actua-
tor is a serial system made up of many identical ba-
sic units.

1.2 Mechanical model of electrostrictive layer

The electrostrictive material is a kind of ferro-
electric ceramics with non-linear mechanical and
electrical coupling relationship, and there is a linear
piezoelectric term and a second order of elec-
trostrictive term in the constitutive equation. Un-
der the combined action of force and electric field,
its mechanical and electrical coupling relationship
can be expressed ast®’

S; = 55T, + (g + QusD,) /D, @)
where S,, T, and D,, are strain in Z direction,
stress and electric potential; s5, g, and Q,,; are
flexibility coefficient, piezoelectric voltage constant
and electostrictive coefficient of the ferroelectric
material respectively. As for the electrostrictive
material, the working temperature is often slightly
higher than its Curie point; there is no piezoelectric
effect while the electrostrictive effect is strong,
and only the second term is taken into considera-
tion.

In a serial structure, the electrostrictive layer
only bears axial load F in the direction of thick-
ness. Defining the density of electostrictive materi-
al as p, displacement in Z direction as u;, accord-
ing to Newton’s second law and S;=0du;/9z, the e-
quation of motion can be derived as follows in 2 di-

rectiont?.
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Supposing V' = sinwt and neglecting the
boundary effect, the stable displacement of the
electrostrictive layer can be expressed as
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By substituting the relationship between stain

and displacement into Egs. (1) and (3), then
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Considering the axial load F is evenly dis-

tributed on the cross-section, Eq. (4) can be
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It should be noticed that there is a hysteresis
effect between potential displacement and the con-
trolled field in electrostrictive material under cyclic
electric field. Without considering this process, the

displacement of the electrostrictive layer can be ex-

pressed as
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where €y;,/, A represent the dielectric coefficient,
thickness of electrostrictive layer and the cross-sec-
tional area of the actuator. According to Egs. (6)
and (7), the electrostrictive layer is equivalent to a
parallel system of a spring whose dynamic stiffness
is Ky and a force source F (V). The stiffness-Kz
depends on the cross-sectional area, thickness,
density, flexibility coefficient of the electrostrictive
layer and frequency, respectively, while the force
source is determined by the area, voltage and elec-
trostrictive coefficient of electrostrictive material.
One point to be noted is that the dielectric coeffi-
cient of electrostrictive material is a non-linear
function of external load and electric field, which
increases with the density of electric field and de-
creases with frequency. One may conclude that the
force and displacement of the electrostrictive layer
in stack actuators are in non-linear relationship
with frequency, and closely related to external
load.
1.3 Mechanical model of basic element
Neglecting the damping, the mechanical mod-

el of the adhesive layer can be treated as a mass-
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spring system. M is the concentrated mass of the
adhesive layer; K,, is stiffness of the spring; E, A
and ¢ are the elastic modulus, cross-sectional area
and thickness of the adhesive layer, respectively.
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According to Egs. (6) and (8), the basic unit

of the stack actuator can be shown as Fig. 3.
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Fig. 3 Mechanical model of the basic unit
1.4 Mechanical model of stack actuator
Since the stack actuator is a multi-layer serial
structure of basic units, it is equivalent to a serial

structure in mechanics, and a parallel system in

U M Kn Kr : M K, Kr »
M Y

Fig. 4 Mechanical model of the stack actuator

2 Design and Analysis of Stack Actuators

In order to counteract the nw harmonic com-
ponents in lift force of rotor systems by adjusting
the position of ATEF, the stack actuator has to
produce large displacement at high frequency.

The serial structure of stack actuators is bene-
ficial in increasing displacement; however, the first
mode frequency is also decreased significantly. The
adhesive layer is an important factor in design be-
cause its high elastic modulus and small thickness
can help to increase equivalent stiffness, decrease
equivalent mass and to increase the frequency of
the first mode. In the design of the electrostrictive
layer, the displacement can be improved by a de-
crease in thickness; however, it may also lead to
non-linearity and hysteresis in displacement,
which should be compensated for in application.

It follows that an optimization method can be

used to determine the dimensions of the stack actu-

ator, satisfying both displacement and frequency

requirements of smart rotors at the same time.

3 Experiments of Stack Actuator and
ATEF Model

A solid stack actuator is designed based on the
above analysis, as shown in Table 1. Experiments
and analysis are made to verify the feasibility of the
derived mechanical models. The electostrictive ma-
terial is PWN-PT, which was provided by Shang-
hai Institute of Ceramics, Chinese Academy of Sci-
ences'’). Annealing technique is used to reduce the
hysteresis effect and loss.

Table 1 Dimension of Stack Actuator

Functional Material PMN-PT  Cross-section  9mm X 9mm

Thickness of Electro 0. 3mm Thickness of 0. lmm
. o .
-strictive Layer Adhesive Layer
Length of Actuator 135mm Lag 6.4%
Maxi
Block force 800N aximum 90pm

Displacement

3.1 Displacement of the stack actuator

In experiments, the laser reflection method is
used to measure the displacement of the stack actu-
ator. The results are compared with simulation da-

ta, as shown in Fig. 5. It is found that there are
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Fig.5 Displacement of stack actuator
significant hysteresis and non-linearity in experi-
ment, and the simulation result is reasonable in ex-
pressing the displacement of the actuator. Accord-
ing to the analysis, the reason for the error is the
hysteresis effect in phase transition process of elec-
trostrictive material, in which the physical perfor-
mance is changed significantly. However, those
parameters, such as the dielectric and electrostric-
tive coefficients, are treated as constants in simula-

tion. Experimental results also suggest that a com-
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pensation method is needed to improve the non-lin-
earity in future close loop ATEF model experi-
ments.
3.2 Response of the ATEF model

Fig. 6 is the response of ATEF model without
rotating and external load. It can be found that the
maximum deflection of flap ix up to 9. 8 degrees in
static test under 400V-volatge. However, frequen-
cy response of the ATEF model is as low as 10
Hz. Further increase in frequency will lead to no-
ticeable non-linearity in deflection of the flap,

which is far from expected in the theoretical mod-

el.
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Fig. 6(b)
According to the analysis, the non-linearity in
deflection of the ATEF model is caused by the

hysteresis and non-linearity in the displacement of

Frequency response of ATEF model

the stack actuator. On the other hand, the plane
rocker mechanism can not be treated as a linear
system when the deflection is large. This means
that a suitable compensation method is needed by
adjusting the voltage on the actuator to improve its
displacement characteristics.

Dynamic analysis is made on the ATEF mod-

el. Modal analysis of the elastic mechanism shows
that the frequency of the first mode is 102 Hz,
which is far above the required frequency of
ATEF, and the corresponding mode shape is
bending in the direction of displacement. Further
finite element simulation reveals that there is a de-
formation under the combined action of inertia
force, aerodynamic force and centrifugal force,
which leads to non-linearity in the response of the
ATEF model. The reason for the deformation is
that the bending stiffness of the elastic mechanism
is too weak. Simulation also demonstrates that al-
though the response of the ATEF model can be
significantly improved by increase in the stiffness
of the elastic mechanism, however, the deflection
angle will be decreased at the same time.

This implies that apart from the stack actua-
tor, the elastic mechanism is an equally important
factor to be considered in the design of ATEF
model. Since there is a contradiction between the
deflection angle and the frequency response in the
bending stiffness of the elastic mechanism, an opti-
mization method can be applied to balance both re-
quirements,. utilizing the huge force of the stack

actuator.

4 Conclusions

In this paper, a theoretical model of the stack
actuator is derived. Conclusions can be drawn from
analysis of the factors involved in design and the
experiments of the ATEF model.

(1) The electrostrictive layer is equivalent to a
parallel system of spring and force. The adhesive
layer can be treated as a spring-mass system. The
stack actuator becomes a serial system of basic u-
nits in mechanics and a parallel system in electrici-
ty.

(2) The serial structure of the stack actuator
is beneficial in increasing displacement. However,
it can lead to a decrease in frequency response.
The adhesive layer is an important factor in the de-
sign of actuators because larger elastic modulus and
smaller thickness of the layer can improve the fre-

quency of the actuator. It can increase the dis-



