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Abstract

This paper discusses the use of the multi-layer piezoelectric actuator (MPA) in the active vibration control of the

honeycomb sandwich panel (HSP). A literature overview of the available works is first presented. And the main motivation

using the MPA in the AVC of HSP is discussed. Then, the honeycomb core is in advance treated as an orthotropic plate.

The governing equations of the system are derived by the Hamilton principle on the basis of both displacement and

transverse tress assumptions. The formulations of the actuation force/moment are obtained and indicate that the actuation

force/moment are two four-order polynomial function of the piezoelectric layers number. Finally, active control

experiments of a cantilever honeycomb sandwich panel (CHSP) are performed using the MPA. The control law of

proportional velocity feedback is adopted in the experiments. These experiments include the resonant vibration control

and the sinusoidal swept of the control system at the case of different piezoelectric layers number. The results show that

the MPA can effectively control the vibration of the high damping HSP, and the control performance per voltage by the

proposed actuator can be improved significantly through increasing the piezoelectric patch number. Consequently, the

MPA exhibits better actuation capability than that with only single layer.

r 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The honeycomb sandwich structure was widely used in the aeronautic and astronautic engineering due to its
advantages such as large specific stiffness and specific strength [1]. A practical example is the apparatus cabin
of launch vehicle, where a lot of honeycomb sandwich panels (HSP) are utilized to install some important
flight control instruments, for example, the telemetric devices, the gyroscope and so on. The external
disturbances generally excite these HSPs into resonances, which influence seriously the accuracy and reliability
of the control devices placed on them. In order to ensure the safety of flight, the vibration of the HSP must be
attenuated effectively. The HSP, as typical composite structures, are inherently more difficult to model than
their metallic counterparts, not to mention their potential heterogeneities and the differences in dynamic
ee front matter r 2008 Elsevier Ltd. All rights reserved.
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behavior between supposedly identical samples. Moreover, the high level of structural damping exhibited by
them adds to the difficulty of dynamic analysis. So there are only several reports about their active control and
these literatures as followings: the active vibration control experiments of certain HSP for mounting
apparatuses using a single PZT patch are studied by Luo et al. [2]. The active control experiments for acoustic
radiation reduction of the HSP adopting PVDF and PZT patches are worked by Petitjean et al. [3].

In present, the investigation of the piezoceramic material actuators in the structural control fields have been
reported richly, example for the journal articles [4–6]. Unfortunately, in order to provide sufficient actuated
forces, most of them are limited to either a number of discrete rectangular patches or a single thin sheet. One
of the major drawbacks of the discrete patches requires careful management of higher modes and as a result,
the control schemes become highly involved and difficult to implement. On the other hand, single sheet form is
the modal phase cancellation, which severely restricts the control capability for higher vibration modes of the
structure. A single piezoelectric patch, whether one-sided, or in the bimorph form, has a fairly low voltage-
strain sensitivity and hence cannot generate a large control force. One way of increasing the actuator
sensitivity is to use very high input voltages, but this can lead to problems of patch burning as well as
additional safety requirements while working with high voltages. Moreover, the high voltages are not usually
supplied by work environment. Considered above causes, Zhang et al. [7] and Joshi [8] refer to the multi-layer
piezoelectric actuator (MPA). The MPA is a simple way that uses a larger number of layers at the same point,
one below the other in the thickness direction, and drives the same input voltage for its every layer. Zhang
provide the active control experiments approach which the MPA bonds on the surface of the structure.
Joshi investigates the voltage moment sensitivity of the MPA, as an actuator for vibration control, embedded
into the surface of the thin-walled beam-type structures. It is indicated that the MPA can increase the force
output for the low input voltage and littler varies the mass, stiffness and strength of the structure controlled
by them.

Consequently, it is approached to control the vibration of the HSP using the MPA in this paper. Because
the thickness of the MPA is usually large than that of the face sheet of the HSP, it will combine with the HSP
hard if it is embedded into the surface of the HSP. In order to achieve the apply of the MPA, it should be
bonded on the surface of the HSP. This way is just adopted in this paper. However, the HSP attached to the
MPA is a complicated laminated structure. There have been many articles addressing the modeling of
laminated structures so far [9–15]. Especially, Carrera [14] gave a full review and summarization on well-
known zig-zag theories for multilayered plates and shells, and built a uniform dynamic formulation of
piezoelectric laminated structures based on Makumina’s zig-zag theory [15]. This theory is considerably
exhaustive and can commonly bring forth a problem solution of high accuracy. However, it needs to be
pointed out that the actuator is not bonded on the whole surface of honeycomb structure as those discussed in
the above-mentioned literatures but bonded on the local surface of structure at the present case. It thus makes
the influences of the piezoelectric actuator on inertia and stiffness properties of the full structure weak. This
means that the honeycomb structure dominates the dynamic characteristics of the full structure. A recent
study by Yu and Cleghorn indicated only Reddy’s third-order plate theory is adequate for analyzing the
vibration of HSP with respect to the classical plate theory and Mindlin’s improved plate theory [16].
Considering this point and the feature of problem at hand, a revised Reddy’s third-order plate theory is
developed through introducing the Heaviside function into the original Reddy’s third-order plate theory [17]
for modeling the system in the present study.

To the single layer piezoelectric actuator, the applications in active control system have been reported early
[18,19]. The influences of some important parameters, such as the bonded displacement on the structure and
the size, on the effect of the vibration control have been widely studied in recent years [20–22]. Based on the
definition of the MPA in this paper, it is a sort of strain-type actuator all the same and its actuated manner is
same to the single layer piezoelectric actuator. The only difference is the piezoelectric layer number.
Consequently, our main intention is to compare the actuated performance of the MPA with different
piezoelectric layer number. The other parameters will not be discussed in detail here.

The paper is organized as follows: in Section 2, based on the revised Reddy’s third-order plate theory, the
electromechanical coupling equation of the system is derived using Hamilton principle. In Section 3, the
actuation force and moment exerted by the MPA are examined in terms of the number of piezoelectric patches
used. In Section 4, the actuation ability of the MPA is evaluated and compared at the case of different
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piezoelectric patch number through active control experiments for a cantilever honeycomb sandwich panel
(CHSP). The concluding remarks are given in Section 5.

2. Governing equations

The control system considered in this study is shown in Fig. 1. The controlled structure is an HSP made up
of two thin faceplates (i.e., the top and bottom faceplates) and a thick honeycomb core. The top and bottom
faceplates are isotropic and with the same geometric and material parameters. The honeycomb core is
composed of hexagon honeycomb elements and thereby possesses orthotropic elasticity property. A MPA is
bonded on the top faceplate to actively control the vibrations of HSP. Fig. 2 shows cross section view of the
control system, where the MPA consists of N identical piezoelectric patches. All piezoelectric patches are
polarized along the normal direction and bonded together through the surfaces with the same polarity to
fabricate the MPA. Each piezoelectric patch in the MPA is orientated specially so as to possess the identical
piezoelectric stress coefficients. Besides, each piezoelectric patch is applied with identical control voltage. In
this way, one can expect that the MPA generates greater actuation force or moment on controlled structure
through in-plane deformations of all piezoelectric patches in terms of inverse piezoelectric effect than a single
piezoelectric patch actuator. Note that working principle of the MPA is different from that of traditional
piezoelectric stack actuator, which exerts control force through out-of-plane deformation.

2.1. Assumptions

It is shown from Fig. 2 that the HSP and the MPA (including piezoelectric patches and adhesive layers)
constitute a complicated laminated structure. The coordinate system X–Y–Z shown in Fig. 1 is used to
Z
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Fig. 1. The control system considered in the study.
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Fig. 2. The cross section view of the control system.
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describe the motion of the laminated structure. The X–Y plane coincides with the mid-plane of HSP. In order
to facilitate derivation of governing equation of such a laminated structure, the following assumptions
are made:
(1)
 Both the piezoelectric patch and adhesive layer are isotropic.

(2)
 Three material principal directions of the honeycomb core are identical with the X, Y and Z directions,

respectively.

(3)
 The honeycomb core is treated as an orthotropic plate with the same mass and geometric dimensions.

(4)
 The neutral-plane of the laminated structure coincides with mid-plane of the HSP.

(5)
 The transverse strain of the laminated structure equals zero (i.e. ez ¼ 0).

(6)
 The transverse shearing strains of the laminated structure cannot be neglected but equal zero at the top

and bottom surfaces of laminated structure.
According to Reddy third-order shear theory [17], the displacement functions of the laminated structure
satisfying the above assumptions can be given as

uðx; y; z; tÞ ¼ zjx �
z3

3½hþ d þHðx; y; zÞNðtp þ tvÞ�
2

jx þ
qw

qx

� �
, (1a)

vðx; y; z; tÞ ¼ zjy �
z3

3½hþ d þHðx; y; zÞNðtp þ tvÞ�
2

jy þ
qw

qy

� �
, (1b)

w ¼ wðx; y; tÞ, (1c)

where u, v and w are the displacement in the X, Y and Z directions, respectively, jx and jy are the rotation
angel about the Y- and X-axis, respectively, h is the half-thickness of the honeycomb core, d is the thickness of
the faceplates, tp and tv are the thickness of single piezoelectric patch and single adhesive layer, respectively, t is
the time argument, H(x, y, z) is the third-order Heaviside function associated with location of the MPA

Hðx; y; zÞ ¼ ½H0ðx� x1Þ �H0ðx� x2Þ�½H0ðy� y1Þ �H0ðy� y2Þ�H0ðzÞ, (2)

where H0 represents the unit step function (H0 ¼ 1 if xX0 and H0 ¼ 0 otherwise), x1 and x2 are the
X-coordinates of boundaries of the actuator, respectively, and y1 and y2 are the Y-coordinates of boundaries
of the actuator, respectively.

2.2. Constitutive equations

The geometric equation of the laminated structure is

f �x �y gxz gyz gxy g
T ¼

qu

qx

qv

qy

qu

qz
þ

qw

qx

qv

qz
þ

qw

qy

qu

qy
þ

qv

qx

� �T
, (3)

where ex and ey are the linear strain in the X and Y direction, respectively, gxz, gyz and gxy are the shearing
strain in the X–Z, Y–Z and X–Y plane, respectively, and the symbol T denotes the transpose of a matrix or
vector.

Based on the above assumptions, the constitutive equations of both HSP and adhesive layer can be
written as
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where the symbol c represents elasticity coefficient, the superscript syb indicates different structures.
Eq. (4) describes the faceplate for syb ¼ ‘f’, the honeycomb core for syb ¼ ‘c’, and the adhesive layer for
syb ¼ ‘v’.

The constitutive equation of the piezoelectric patch can be expressed as

sp
x

sp
y

tp
xz

tp
yz

tp
xy

8>>>>>><
>>>>>>:

9>>>>>>=
>>>>>>;
¼

c
p
11 c

p
12

c
p
12 c

p
22

c
p
11 � c

p
12

2
c

p
11 � c

p
12

2
c

p
11 � c

p
12

2

2
6666666666664

3
7777777777775

�p
x

�py
gp

xz

gp
yz

gp
xy

8>>>>>><
>>>>>>:

9>>>>>>=
>>>>>>;
�

e31

e32

0

0

0

8>>>>>><
>>>>>>:

9>>>>>>=
>>>>>>;

E3, (5)

where the superscript p represents the piezoelectric patch, e31 and e32 are the piezoelectric stress coefficient in
the X and Y directions, respectively, and E3 is the electric field applied on each piezoelectric patch in the Z

direction. Here, it should be noted that the elasticity and piezoelectric coefficients appeared in Eqs. (4) and (5)
do not correspond to those in a 3D constitutive equation but the modified ones derived from zero-normal
stress assumption [23].
2.3. Governing equations

The Hamilton equation of the laminated structure shown in Fig. 2 can be expressed as

d
Z t2

t1

ðT �U þ AÞdt ¼ 0, (6)

T ¼ Tf þ Tc þ Tp þ Tv, (7)

U ¼ Uf þUc þUp þUv, (8)

where d is the variational operator, T and U are the total kinetic energy and total potential energy of the
laminated structure, respectively, A is the total work provided by external loading, Tf, Tc, Tp and Tv are the
kinetic energy of two faceplates, honeycomb core, all piezoelectric patches and all adhesive layers, respectively,
and Uf, Uc, Up and Uv are the potential energy of two faceplates, honeycomb core, all piezoelectric patches and
all adhesive layers, respectively.

From Eq. (1), the components of the total kinetic energy of the laminated structure is derived as

fTf TcTpTvgT ¼
1

2

Z b

0

Z a

0

½fI
f
0Ic

0HI
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0HIv

0g
T _w2 þ fI
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x þ _j2
yÞ
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2Ic

2HI
p
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2g
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;x þ _w2

;yÞ�dxdy, (9)

where a and b are the length of the HSP in the X and Y directions, respectively, the subscript ‘‘,’’ represents
partial differential operation, I

f
i , Ic

i , I
p
i and Iv

i (i ¼ 0,1,2,3) represent the generalized inertia of two faceplates,
honeycomb core, all piezoelectric patches and all adhesive layers, respectively, and

I
f
i ¼

~Ai
~Bi

Z �h

�h�d

rf z2i dzþ

Z hþd

h

rf z2i dz

� �
, (10a)

Ic
i ¼

~Ai
~Bi

Z h

�h

rcz2i dz, (10b)
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I
p
i ¼

~Ai
~Bi

XN

j¼1

Z hþdþjtvþjtp

hþdþjtvþðj�1Þtp

rpz2i dz, (10c)

Iv
i ¼

~Ai
~Bi

XN

j¼1

Z hþdþjtvþðj�1Þtp

hþdþðj�1Þtvþðj�1Þtp

rvz2i dz, (10d)

where rf, rc, rp, and rv are the mass density of faceplate, honeycomb core, piezoelectric patch and adhesive
layer, respectively, and the coefficients ~Ai and ~Bi (i ¼ 0,1,2,3) satisfy

~Ai ¼

1 for i ¼ 0; 1;

2=3 for i ¼ 2;

1=9 for i ¼ 3;

8>><
>>:

~Bi ¼

1 for i ¼ 0; 1

½hþ d þHðx; y; zÞNðtp þ tvÞ�
�2ði�1Þ for i ¼ 2; 3

(

Neglecting the electrical potential energy in piezoelectric patches resulting from electric displacement,
and utilizing Eqs. (1)–(5) we can obtain the components of the total potential energy of the laminated
structure as

fUf Uc Up UvgT ¼
1

2

Z b

0

Z a

0

½Mxjx;x þMyjy;y þMxyðjx;y þ jy;xÞ � Rxðjx;x þ w;xxÞ

� Ryðjy;y þ w;yyÞ � Rxyðjx;y þ jy;x þ 2w;xyÞ þ ðQyz � TyzÞðjy þ w;yÞ

þ ðQxz � TxzÞðjx þ w;xÞ�dxdy, (11)

Mx ¼ fM
f
x Mc

x HMp
x HMv

x g
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My ¼ fM
f
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y g
T;

Mxy ¼ fM
f
xy Mc

xy HMp
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xy g
T;

Rx ¼ fR
f
x Rc

x HRp
x HRv

x g
T;

Ry ¼ fR
f
y Rc

y HRp
y HRv

y g
T;

Rxy ¼ fR
f
xy Rc

xy HRp
xy HRv

xy g
T;

Qxz ¼ fQ
f
xz Qc

xz HQp
xz HQv

xz g
T;

Qyz ¼ fQ
f
yz Qc

yz HQp
yz HQv

yz g
T;

Txz ¼ fT
f
xz Tc

xz HTp
xz HTv

xz g
T;

Tyz ¼ fT
f
yz Tc

yz HTp
yz HTv

yz g
T;

where Mx and My are the generalized bending moment vectors, Mxy is the generalized torsion moment vector,
Rx and Ry are the generalized third-order bending moment vectors, Rxy is the generalized third-order torsion
moment vector, Qxz and Qyz are the generalized transverse shear force vectors, Txz and Tyz are the generalized
third-order transverse shear force vectors. The detailed expressions for all components of each generalized
internal force/moment vector are shown in Appendix A.
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Assuming the laminated structure is only subjected to transverse distributed force q(x,y,t), then the total
work provided by external force is

A ¼

Z b

0

Z a

0

qðx; y; tÞwdxdyþ

Z b

0

½Mbc
x jx þMbc

xyjy þQbc
xzw� Rbc

x ðjx þ w;xÞ � Rbc
xyðjy þ w;yÞ�j

a
0 dy

þ

Z a

0

½Mbc
xyjx þMbc

y jy þQbc
yzw� Rbc

xyðjx þ w;xÞ � Rbc
y ðjy þ w;yÞ�j

b
0 dx (12)

where the first term of right-hand side of equation represents the work provided by the transverse distributed
force, and the second and third terms represent that by boundary conditions of the structure. Note that the
actuator is free at four sides for the present case, hence, only the boundary conditions of HSP need to be
considered in the calculations.

Substituting Eqs. (9), (11) and (12) into Eq. (6), and then performing the variations with respect to the
displacement function jx, jy and w, respectively, yields the governing equations of the laminated structure
as follows:

½Kh
1 þHKm

1 �jx;xx þ ½K
h
2 þHKm

2 �jx;yy þ ½K
h
3 þHKm

3 �jy;xy þ ½K
h
4 þHKm

4 �w;xxx þ ½K
h
5 þHKm

5 �w;xyy

þ Kh
6ðjx þ w;xÞ þ ðI1 þ I3 � I2Þ €jx þ ðI3 � I2=2Þ €w;x ¼ ðA

p
5 �D

p
5ÞH ;xe31E3, (13a)

½Lh
1 þHLm

1 �jx;xy þ ½L
h
2 þHLm

2 �jy;xx þ ½L
h
3 þHLm

3 �w;xxy þ ½L
h
4 þHLm

4 �jy;yy þ ½L
h
5 þHLm

5 �w;yyy

þ Lh
6ðjy þ w;yÞ þ ðI1 þ I3 � I2Þ €jy þ ðI3 � I2=2Þ €w;y ¼ ðB

p
5 � E

p
5ÞH ;ye32E3, (13b)

½Ph
1 þHPm

1 �jx;xxx þ ½P
h
2 þHPm

2 �jy;yyy þ ½P
h
3 þHPm

3 �jy;xxy þ ½P
h
4 þHPm

4 �jx;xyy þ ½P
h
5 þHPm

5 �w;xxxx

þ ½Ph
6 þHPm

6 �w;xxyy þ ½P
h
7 þHPm

7 �w;yyyy þ Ph
8ðjx;x þ w;xxÞ þ Ph

9ðjy;y þ w;yyÞ þ I0 €w

þ ðI2=2� I3Þð €jx;x þ €jy;yÞ � I3ð €w;xx þ €w;yyÞ ¼ D
p
5H ;xxe31E3 þ E

p
5H ;yye32E3 þ qðx; y; tÞ (13c)

where the superscripts h and m represent the HSP and the MPA, respectively, Kh
i , Lh

i (i ¼ 1,y,6) and Ph
j

(j ¼ 1,y,9) are the coefficients associated with the generalized internal forces/moments in the HSP, Km
i , Lm

i

(i ¼ 1,y,6) and Pm
j (j ¼ 1,y,9) are the coefficients associated with the generalized internal forces/moments in

the MPA, A
p
5; B

p
5; D

p
5 and E

p
5 are the coefficients associated with generalized actuation force generated by all

piezoelectric patches in terms of inverse piezoelectric effect, Ik (k ¼ 0,y,3) are the generalized inertias of the
laminated structure and defined as Ik ¼ I

f
k þ Ic

k þ I
p
k þ Iv

k (k ¼ 0,y,3). The detailed expressions of the above
coefficients are also given in Appendix A. All together, the boundary conditions in explicit form of the
laminated structure can be obtained as shown in Appendix B.
3. Analysis of actuation forces of MPA

The solution of the governing equations is not easy for including third-order Heaviside functions, only the
actuation forces by MPA are analyzed here. It is assumed that the electric field E3 distributes uniformly along
the Z direction, thus we have

E3 ¼
Vp

tp

, (14)

where Vp is the control voltage applied to single piezoelectric patch. The terms containing the electric field
variable E3 on the right-hand side of Eq. (13) represent the actuation forces exerted by the MPA. In order to
evaluate the actuating capability of the MPA, define the actuation forces/moments over unit area per control
voltage respectively as

Mm
x ¼ ðA

p
5 �D

p
5Þ

e31

tp

¼
e31

tp

XN

k¼1

Z hþdþktvþktp

hþdþktvþðk�1Þtp

z3 � 3½hþ d þHNðtp þ tvÞ�
2z

3½hþ d þHNðtp þ tvÞ�
2

dz, (15a)
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Mm
y ¼ ðB

p
5 � E

p
5Þ

e32

tp

¼
e32

tp

XN

k¼1

Z hþdþktvþktp

hþdþktvþðk�1Þtp

z3 � 3½hþ d þHNðtp þ tvÞ�
2z

3½hþ d þHNðtp þ tvÞ�
2

dz, (15b)

F m
x ¼

D
p
5e31

tp

¼
e31

3½hþ d þHNðtp þ tvÞ�
2tp

XN

k¼1

Z hþdþktvþktp

hþdþktvþðk�1Þtp

z3 dz, (15c)

Fm
y ¼

E
p
5e32

tp

¼
e32

3½hþ d þHNðtp þ tvÞ�
2tp

XN

k¼1

Z hþdþktvþktp

hþdþktvþðk�1Þtp

z3 dz, (15d)
Table 1

The physical parameters of the laminated structure used to analyze actuation force produced by the MPA
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Fig. 3. The effects of the number of piezoelectric patches on actuation moment and actuation force over unit area per control voltage

generated by the MPA: (a) actuation moment over unit area per control voltage; and (b) actuation force over unit area per control voltage.
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where Mm
x and Mm

y are the actuation moment of the MPA in the X–Z and Y–Z planes, respectively, and Fm
x

and Fm
y are the actuation force of the MPA in the X and Y directions, respectively. Note that, for clarity, the

partial differentials of third-order Heaviside function H(x, y, z) (including H,x, H,y, H,xx and H,yy) are all not
contained in the above definitions because they are relevant to the attached location of the actuator. It means
that the actuation force/moments defined in Eqs. (15a), (15b), (15c) and (15d) are only in order to descript the
actuated capability of MPA and not the real parameters.

In order to examine the effects of the number of piezoelectric patches (N) on the actuation force/moment
over unit area per control voltage, a laminated structure with nominal physical parameters given in Table 1 is
considered. From Table 1 it is shown that e31 ¼ e32, thus, onlyMm

x andFm
x need to be considered. Integrating

Eqs. (15a) and (15c), respectively, one can obtain

Mm
x ¼

e31

12ðhþ dÞ2
fðtp þ tvÞ

3N4 þ 2ðtp þ tvÞ
2
ðtv þ 2hþ 2dÞN3 þ ðtp þ tvÞ½tvðtv � tpÞ

þ 6ðhþ dÞðhþ d þ tvÞ�N
2 þ ½2ðhþ dÞ2ð2hþ 2d � 6þ 3tvÞ þ 2tvðhþ dÞðtv � tpÞ � t2vtp�Ng, (16)

Fm
x ¼

�e31

12ðhþ dÞ2
fðtp þ tvÞ

3N4 þ 2ðtp þ tvÞ
2
ð2hþ 2tvdÞN3 þ ðtp þ tvÞ½tvðtv � tpÞ

þ 6ðhþ dÞðhþ d þ tvÞ�N
2 þ ð2hþ 2d þ tvÞ½2ðhþ dÞðhþ d þ tvÞ � tvtp�Ng. (17)

It is shown form Eqs. (16) and (17) that both actuation moment and actuation force over unit area per
control voltage generated by the MPA are the four-order polynomial functions of the number of used
piezoelectric patches.

Figs. 3(a) and (b) show the effects of the number of piezoelectric patches (ranging from 1 to 4) on the
magnitudes of actuation moment Mm

x and actuation force Fm
x , respectively, where the other physical

parameters of laminated structure take the nominal values. It can be observed that, as expected, both the
magnitudes of actuation moment Mm

x and the actuation force F m
x over unit area per control voltage increase

obviously as the number of piezoelectric patches increases. However, the relations are approximately linear
between Mm

x =F m
x and N. It can be indicated that the high-order terms of N have little effect to the amplitude of

the actuation force/moments. Comparing the case of N ¼ 1 with the case of N ¼ 4, it is shown that the
approximate 3.81 and 5.24 times improvement in magnitude are obtained for the actuation moment Mm

x and
the actuation force Fm

x , respectively. It means that the actuating capability of the actuator can be enhanced
significantly through using the more number of piezoelectric patches.

4. Active control experiments

In order to evaluate fully the actuation ability of the MPA, the active control experiment of a cantilever
honeycomb sandwich panel (CHSP) is performed in this section.

4.1. Experimental setup

The vibration of the CHSP whose both honeycomb core and two faceplates are made up of aluminous metal
will be controlled in the present experiments. The conformation of the controlled structural and the actuator is
shown by Fig. 1 or Fig. 2. The CHSP is 500mm long, 400mm wide and 20mm thick. A short edge of the HSP
is clamped vertically by two thick armor plates which are fixed at the test stand. Each layer of the MPA is PZT
patch whose sizes are 40mm� 20mm� 1mm. The MPA with four layer PZT patches is considered in the
experiments, and the way of applied voltage of the MPA is shown by Fig. 4. In order to provide the uniform
−V

−V

−V

+V

+V

P

P

V

V

V1st layer 
2nd layer 
3rd layer
4th layer

Fig. 4. The cross section view of the MPA.
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actuated force, the same voltage V will be applied across each surfaces of all four patches along their
polarization axes P, as shown in Fig. 4. Note that, for assurance insulation in MPA, all adjacent surfaces
of the PZT patches will be applied a same polarity voltage. Finally, the 1st layer will attach to the surface of
the CHSP.

In this paper, the first three eigenmodes will be considered in the vibration control. In order to obtain a high
control performance, the strain-type actuator MPA should be attached on the area with great strain.
Generally, the location with great gradient variation of the mode deformation is often selected. For choosing a
suitable attached position, a modal test is executed. The CHSP is meshed by 10� 8 elements and then the
hammer excitation method is adopted. As shown in Fig. 5, the mode shape of the first three eigenmodes and
the responding attached area of the MPA are illustrated. In Fig. 5, the bottle side is fixed and the deeper color
denotes the smaller amplitude of mode deformation. Based on the mode shapes results, the attached area of
the MPA is chosen as shown by the white rectangle.

The layout of the feedback vibration control experiments of the CHSP is shown by Fig. 6. The signals are
measured and analyzed by the PULSE system (B&K), and the excited signs are generated from it. The control
action of the feedback controller is generated by the MPA. The design and realization of the feedback control
law is done by the dSPACE DS1103 system. In experiments, the simulated flow diagram design by
MATLAB\Simulink is compiled, and then the ControlDesk software of dSPACE system will call these
compiled files and designs the control platform to perform the experiments. Both PULSE and dSPACE system
can be interacted with ones by personal computers. The other apparatuses include a Power Amplifier
(Power AMP, model HEAS-50 from NAAU), a electromagnetic shaker (XJTU) whose excited point located
the point E, a Charge Amplifier (Charge AMP, model BK2635 from B&K), an acceleration transducer
MPAMPAMPA

Fig. 5. The mode shapes and the position of MPA.
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Fig. 6. The layout of the feedback vibration control experiments of the CHSP (unit: mm).
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(model BK4371 from B&K) which was bonded to the other surface of CHSP and was back to back with the
MPA (point A), and a Voltage Amplifier (Voltage AMP, model HVPA04 from XJTU).

The experimental way is also shown by Fig. 6, the excited signals are generated by PULSE system and
output from the channel Output1 and then are transmitted directly to Power AMP. The amplified signals by
Power AMP are transmitted to the electromagnetic shaker to excite the CHSP in point E. The measured
signals from the acceleration transducer are amplified by the Charge AMP to transmit to the channel Input1
of PULSE system for recording and analysis. Synchronously, the measured acceleration signals are
transmitted to the channel ADCH17 of dSPACE system as the original signals of the feedback controller. The
control signals generated by the controller are output from the channel DACH1 of dSPACE system, and then
they are applied in MPA after being amplified by Voltage AMP.

4.2. Experimental results

The experiments are classed as the resonant vibration control experiments and the sinusoidal swept
experiments of the CHSP with vibration control. The resonant vibration control experiments include three
cases as Case 1, Case 2 and Case 3 which are corresponding with the resonant excitation under the first three
modal frequencies, respectively. The sinusoidal swept experiments just is measured the frequency response
function curves of the CHSP with or without control.

In order to compare the effect of the number N of the PZT patch in MAP with the canceling result of the
vibration of the CHSP, four experiments for the case of N ¼ 1, 2, 3, 4 are performed in every cases. In
experiments, for example N ¼ 1, only the poles of the 1st layer PZT patch are applied the control voltage. At
cases of N ¼ 2, just only the poles of the 1st and 2nd layer PZT patches are applied the control voltage. The
case of N ¼ 3, 4 are also performed as the same way.

4.2.1. Delay time and feedback gain

Without doubt, the delay between the control signals and the response signals will limit the control effect of
the actuators. Because the CHSP is a high damping structure and is controlled hard, in order to improve the
control effect, the delay must be dealt with. In present experiment, we adopted the manual way to adjust the
delay time in the dSPACE system by personal computer. Firstly, the delay times are confirmed in the three
resonant control experiments only at the case of N ¼ 1. When the amplitude of the acceleration response of
the CHSP with control reach the lowest lever, the time value is confirmed as the delay time of the
corresponding case. For the delay time to periodically appear, all the final confirmed delay times selected those
that which are lower than the corresponding modal period. Moreover, in Case 1, Case 2 and Case 3, the delay
times are same regardless of different number of the PZT patch, respectively. Finally the delay times D1, D2,
and D3 are confirmed as 10.6, 1.6 and 2.0ms, respectively. Secondly, in order to control all the first three
modes, the delay time D0 in the sinusoidal swept experiments should close the value expressed as

D0 � niTi þDi ði ¼ 1; 2; 3Þ (18)

where ni are integer, Ti, are the period of the ith mode. Note that, D0 should be selected as less as possible. The
delay time D0 is confirmed as 12.352ms finally.

The proportional velocity feedback control law is adopted in the present control experiments. In order to
achieve the vibration cancellation, all the feedback gains are negative. Moreover, the same feedback gains are
adopted at the case of Case 1, Case 2, Case 3 and at the sinusoidal swept experiments, respectively. In the
present experiments, they are G1 ¼ �600, G2 ¼ �780 and G3 ¼ �500 finally the resonant vibration control
experiments. The gain G0 ¼ �1000 is selected at the sinusoidal swept experiment.

4.2.2. Results of the resonant vibration control experiments

Fig. 7 shows the acceleration histories of the vibration of the uncontrolled and controlled CHSP at Case 1,
Case 2 and Case 3. Moreover, the vibration control experiments are performed at the case of N ¼ 1, 2, 3 and 4
in above three cases. Obviously, the acceleration responses of the CHSP are canceled with the starting of the
feedback control, and the amplitude of the acceleration response is decreased with increasing of N in three
cases after stability of the vibration control of the CHSP.
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Furthermore, a control factor m is defined as

m ¼
A0 � Ac

A0

����
����� 100% (19)

where Ac and A0 are the acceleration amplitude of the CHSP with and without control, respectively. Fig. 8
shows the relations between the control factor m and the number of the piezoelectric patch at the case of Case
1, Case 2 and Case 3.

On the other hand, the amplitudes of the control voltage are also decreasing with the increase of the number
of the PZT patches. As shown in Fig. 9, the amplitudes of the control voltage observed by the Voltage AMP
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are 746V (N ¼ 1), 741V (N ¼ 2), 738V (N ¼ 3) and 735V (N ¼ 4) at the case of Case 1 after stability of
the control system, respectively. The amplitudes of the control voltage are 744V (N ¼ 1), 741V (N ¼ 2),
740V (N ¼ 3) and 739V (N ¼ 4) at the case of Case 2 and are 718V (N ¼ 1), 717V (N ¼ 2),
716V (N ¼ 3) and 715V (N ¼ 4) at the case of Case 3, respectively. These results mean that the
electrical source is only needed to provide a low level voltage if N is increased suitably. In order to compare
the control effect of the MPA with different PZT layers under unit control voltage, the control factor l is
defined as

l ¼ m=V ¼
A0 � Ac

A0V

����
����� 100% (20)

where V is the amplitude of control voltage. Fig. 10 shows the relations between the control factor l and the
number of the piezoelectric patch at three cases. It indicates that the control effect per unit control voltage is
linearly increasing besides that of Case 3. The phenomena in Case 3 may indicate that the actuated capability
of present actuator will be limited at certain high control lever.
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4.2.3. Results of the sinusoidal swept experiments

Fig. 11(a) shows the frequency response function (FRF) curves of the CHSP with or without control
which measured in the sinusoidal swept experiments. In order to observe the peak value of the FRF curves,
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Fig. 11(b)–(d) give the local FRF curves around the first mode, second mode and third mode, respectively.
It is found that the peak values are decreased with the increasing of the number of PZT patch in all
modes. Similar to the resonant control experiments, the decreasing extent of the peak value is limited
with the increasing of the number of PZT patch at the third mode. Furthermore, the control factor Z is
defined as

Z ¼
P0 � Pc

P0

����
����� 100% (21)

where Pc and P0 are the peak value of the FRF curves of the CHSP with and without control, respectively.
The relations between the control Z and N are shown in Fig. 12. It is found that the character of the relations is
similar with that of Fig. 10.
5. Conclusions

A novel MPA is applied to vibration control of HSP in this paper. The electro-mechanical coupling
equations of the system are derived using Hamilton principle. The formulas of actuation force and moment
(over unit area per control voltage) of the actuator are also obtained, which show both actuation force and
actuation moment are the four-order polynomial function of the number of used piezoelectric patches.
However a numerical simulation indicated that the relations between actuation force/moments and the
piezoelectric layers number are practically approximately linear. But the actuation capability is improved with
the increase of the number of piezoelectric patches used.

In order to evaluate fully the actuation ability of the MPA, the active control experiment of a cantilever
honeycomb sandwich panel is performed in this paper. The results show the MPA can restrain the vibration
amplitude of the system which is under the resonant vibration from the resonant vibration control
experiments, especially the first mode, with the maximum reduction of 44.54% for 4-layer actuator. And the
MPA can suppress all three modes of the system in the examined frequency range from the sinusoidal swept
experiments. Besides, as the number of piezoelectric patches used in the actuator increases, the control
performance achieved by unit driven voltage is improved significantly. It implies that, under the same drive
voltage, the MPA can attenuate the vibrations of CHSP more significantly than single piezoelectric patch
actuator. Moreover, it is helpful that the control voltages applied in the MPA are decreased with the increase
of the number of piezoelectric patches used. In this paper, some parameters of the MPA, for instance
the displacement, size and so on, are not considered particularly though they are important to the effect of the
vibration control. But we will report the study of these parameters in the application of the MPA in the
structural shape control in the future.
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Appendix A. Generalized internal force components

Mi
x ¼ Fi

zðs
i
xzÞ ¼ Ai

1jx;x þ Ai
2jy;y þ Ai

3w;xx þ Ai
4w;yy þ Ai

5e31E3

Mi
y ¼ Fi

zðs
p
yzÞ ¼ Bi

1jx;x þ Bi
2jy;y þ Bi

3w;xx þ Bi
4w;yy þ Bi

5e32E3

Mi
xy ¼ Fi

zðt
p
xyzÞ ¼ Ci

1jx;y þ Ci
2jy;x þ Ci

3w;xy

Ri
x ¼

1

3ðhþ d þHNðtp þ tvÞÞ
2

F i
zðs

p
xz3Þ ¼ Di

1jx;x þDi
2jy;y þDi

3w;xx þDi
4w;yy þDi

5e31E3

Ri
y ¼

1

3ðhþ d þHNðtp þ tvÞÞ
2

F i
zðs

p
yz3Þ ¼ Ei

1jx;x þ Ei
2jy;y þ Ei

3w;xx þ Ei
4w;yy þ Ei

5e32E3
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Ri
xy ¼

1

3ðhþ d þHNðtp þ tvÞÞ
2

F i
zðt

p
xyz3Þ ¼ Fi

1jx;y þ Fi
2jy;x þ Fi

3w;xy

Qi
xz ¼ F i

zðt
p
xzÞ ¼ aiðjx þ w;xÞ

Qi
yz ¼ F i

zðt
p
yzÞ ¼ bi

ðjy þ w;yÞ

Ti
xz ¼

1

ðhþ d þHNðtp þ tvÞÞ
2

F i
zðt

p
xzz2Þ ¼ ciðjx þ w;xÞ

Ti
yz ¼

1

ðhþ d þHNðtp þ tvÞÞ
2

F i
zðt

p
yzz

2Þ ¼ di
ðjy þ w;yÞ

where the superscript i represents the faceplate of HSP (i ¼ f), the honeycomb core (i ¼ c), the
piezoelectric patches (i ¼ p) and the adhesive layers (i ¼ v). Note that the coefficients Ai

5; Bi
5; Di

5

and Ei
5 are nonzero only for i ¼ p. The function Fi

zðdÞ denotes the integration (and summation) operation
as followed:

F f
zðdÞ ¼

Z �h

�h�d

ðdÞdzþ

Z hþd

h

ðdÞdz

F c
zðdÞ ¼

Z h

�h

ðdÞdz

F p
zðdÞ ¼

XN

j¼1

Z hþdþjtvþjtp

hþdþjtvþðj�1Þtp

ðdÞdz

F v
zðdÞ ¼

XN

j¼1

Z hþdþjtvþðj�1Þtp

hþdþðj�1Þtvþðj�1Þtp

ðdÞdz

Here, for simplicity, define the following coefficients:

Ah
j ¼ A

f
j þ Ac

j ; j ¼ 1; . . . ; 4 Ch
j ¼ C

f
j þ Cc

j ; j ¼ 1; . . . ; 3 Eh
j ¼ E

f
j þ Ec

j ; j ¼ 1; . . . ; 4

Am
j ¼ A

p
j þ Av

j ; j ¼ 1; . . . ; 5 Cm
j ¼ C

p
j þ Cv

j ; j ¼ 1; . . . ; 3 Em
j ¼ E

p
j þ Ev

j ; j ¼ 1; . . . ; 5

Bh
j ¼¼ B

f
j þ Bc

j ; j ¼ 1; . . . ; 4 Dh
j ¼ D

f
j þDc

j ; j ¼ 1; . . . ; 4 Fh
j ¼ F

f
j þ Fc

j ; j ¼ 1; . . . ; 3

Bm
j ¼ B

p
j þ Bv

j ; j ¼ 1; . . . ; 5 Dm
j ¼ D

p
j þDv

j ; j ¼ 1; . . . ; 5 Fm
j ¼ F

p
j þ Fv

j ; j ¼ 1; . . . ; 3

and

Kk
1 ¼ Ak

1 �Dk
1 ; Lk

1 ¼ Ck
1 þ Bk

1 � Ek
1 � Fk

1 ;

Kk
2 ¼ Ck

1 � Fk
1 ; Lk

2 ¼ Ck
2 � F k

2 ;

Kk
3 ¼ Ak

2 þ Ck
2 �Dk

2 � Fk
2 ; Lk

3 ¼ Ck
3 þ Bk

3 � Ek
3 � Fk

3 ;

Kk
4 ¼ Ak

3 �Dk
3 ; Lk

4 ¼ Bk
2 � Ek

2 ;

Kk
5 ¼ Ak

4 þ Ck
3 �Dk

4 � Fk
3 ; Lk

5 ¼ Bk
4 � Ek

4 ;

Kh
6 ¼ �ða

f þ ac þ ap þ avÞ; Lh
6 ¼ �ðb

f
þ bc
þ bp
þ bv
Þ;

Pk
1 ¼ Dk

1 ; Pk
2 ¼ Ek

2 ; Pk
3 ¼ Dk

2 þ 2Fk
2 ; Pk

4 ¼ Ek
1 þ 2F k

1 ; Pk
5 ¼ Dk

3 ; Pk
6 ¼ Dk

4 þ Ek
3 þ 2F k

3 ; Pk
7 ¼ Ek

4

Ph
8 ¼ ða

f þ ac þ ap þ av � cf � cc � cp � cvÞ; Ph
9 ¼ ðb

f
þ bc
þ bp
þ bv
� df
� dc
� dp
� dv
Þ,

where the superscript k represents the HSP (k ¼ h) and the MPA (k ¼ m).
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Appendix B. The general boundary conditions in explicit form of the laminated structure

f½ðAi
1 �Di

1Þjx;x þ
1

2
ðAi

2 þ Bi
1 �Di

2 � Ei
1Þjy;y þ

1

2
ðAi

3 �Di
1 �Di

3Þw;xx þ
1

2
ðAi

4 �Di
4 � Ei

1Þw;yy�

� ðMbc
x � Rbc

x Þgdjx ¼ 0,

f½ðCi
2 � Fi

2Þjy;x þ
1

2
ðCi

1 þ Ci
2 � F i

2 � Fi
1Þjx;y þ

1

2
ðCi

3 � 2F i
2 � Fi

3Þw;xy� � ðM
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f½�Di
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1

2
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3 �Di
1 �Di
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1

2
ðBi

3 �Di
2 � Ei

3Þjy;y �
1

2
ðDi

4 þ Ei
3Þw;yy� þ Rbc

x gdw;x ¼ 0,

f½�Fi
3w;xy þ

1

2
ðCi

3 � 2Fi
2 � F i

3Þjy;x� þ Rbc
xygdw;y ¼ 0,

f½Di
3w;xxx þ F i

3w;xyy �
1

2
ðAi

3 �Di
1 �Di

3Þjx;xx �
1

2
ðBi

3 �Di
2 � Ei
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1

2
ðCi
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xzÞgdw ¼ 0,

where x ¼ 0 and x ¼ a.
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4 � Ei
2 � Ei

4Þw;yy�

� ðMbc
y � Rbc

y Þgdjy ¼ 0,

f½ðCi
1 � Fi

1Þjx;y þ
1

2
ðCi

1 þ Ci
2 � F i

1 � Fi
2Þjy;x þ

1

2
ðCi

3 � 2F i
1 � Fi

3Þw;xy� � ðM
bc
xy � Rbc

xyÞgdjx ¼ 0,

f½�Ei
4w;yy þ

1

2
ðAi

4 �Di
4 � Ei

1Þjx;x þ
1

2
ðBi

4 � Ei
2 � Ei

4Þjy;y �
1

2
ðDi

4 þ Ei
3Þw;xx� þ Rbc

y gdw;y ¼ 0,

f½�Fi
3w;xy þ

1

2
ðCi

3 � 2Fi
1 � F i

3Þjx;y� þ Rbc
xygdw;x ¼ 0,

f½Ei
4w;yyy þ Fi

3w;xxy �
1

2
ðBi

4 � Ei
2 � Ei

4Þjy;yy �
1

2
ðAi

4 �Di
4 � Ei

1Þjx;xy �
1

2
ðCi

3 � 2Fi
2 � Fi

3Þjy;xx

þ
1

2
ðDi

4 þ Ei
3Þw;xxy þ ðb

i
� di
Þjy þ ðb

i
� di
Þw;y� �Qbc

yzÞgdw ¼ 0,

where y ¼ 0 and y ¼ a.
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