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ABSTRACT

This paper presents the use of piezoceramic transducers, PZT actuators and PVDF sensors, for experimental modal testing of
asimply supported plate. A series of rectangular shape of PVDF films are evenly distributed over the plate and act as the
sensing devices instead of traditional acceleration sensors. The rectangular PZT patches that are adhered to the opposite

surfaces of the plate and activated 180° out-of-phase for pure bending excitation are adopted as the actuator. The theoretical
formulation of frequency response functions (FRFS) of the piezoceramic transducers is developed. The mode shape
functions of the PZT actuator and the PVDF sensor are identified, respectively. Experiments are performed to obtain a
column of FRF matrix. The structural modal parameters, including natural frequencies, modal damping ratios and mode
shapes, can then be extracted by a modal parameter extraction method. Results show the modal parameters can be properly
obtained and physically interpreted in comply with theoretical results. This paper presents the concepts of smart structural
testing (SST) with the use of piezoceramic transducers and leads to the applications of smart structures to health monitoring
of structural systems.

Keywords: piezoceramic transducer, PZT actuator, PVDF sensor, modal testing, simply supported plate, natural frequency,
modal damping, mode shape

1. INTRODUCTION

Piezoceramic transducers have been widely applied and integrated into structures for active structural vibration and acoustic
control.” Many researches have been dedicated to the development of the PZT actuation models ®** as well as the PVDF
sensing models >*° for beams and plates. Crawley and de Luis ® developed the PZT actuators adhered or embedded into
cantilever beam for structural actuation. Dimitriadis et al. ° extended their work to two-dimensional plate problem and
derived the actuation force model for PZT pure-bending excitation. Im and Atluri *° further considered the shear force and
axial force effects for PZT actuator applied to beam structures. Wang and Rogers **? applied the classical laminate plate
theory to model the embedded PZT actuator for beams and plates, respectively, considering pure-bending, pure-extension and
asymmetric excitation modes. Gibbs and Fuller *2 also derived the asymmetric PZT actuator excitation for beam structural
vibration control.

The rectangular shape of PVDF film was introduced by Hubbard *® for the application to vibration control of beam
structures as the sensor.  Lee and Moon *® and Collin et al. * developed special shape of PVDF film to sense the specific
vibration modal response as known modal sensors. Collet and Jezequel *® and Tanaka et al. *° utilized the similar
configuration of PVDF film as modal filters for vibration control. The applications of PZT actuator and PVDF sensor
integrated with structures, so called smart structure system, to structural vibration and acoustic control is very promising.

The idea of smart structural testing is also of interest and leads to structural fault diagnosis and health monitoring.
Sun et a. # derived the frequency response function (FRF) through electric admittance of piezoceramic transducers for
obtaining the dynamic parameters of beam structures. However, they did not physically interpret those dynamic parameters.
Norwood % successfully applied both the impact hammer and PVDF film, respectively, as actuation sources for the modal
testing of cylindrical shell structures. Wang % derived the frequency response functions between the traditional and
piezoceramic transducers for smply supported beam. He introduced the feasibility of the use of piezoceramic transducers
for structural modal testing. Wang and Wang * theoretically and experimentally demonstrated the rectangular shape of PZT
actuator and PVDF sensor for cantilever beam modal testing. They showed that the system modal parameters, including

*Correspondence: Bor-Tsuen Wang: wangbt@mail.npust.edu.tw; Telephone: 886-8-770-3202 ext. 7017; Fax: 886-8-774-0142



natural frequencies, modal damping ratios and structural mode shapes, can be properly extracted. Wang # further developed
the modal analysis for the use of various forms of actuators and sensors. The FRFs can be derived and expressed in
conventional modal format. The actuator and sensor mode shape functions are defined and interpreted according to types of
actuators and sensors as well as the testing procedure.

This work intends to use the PZT actuator and PVDF sensor instead of traditional transducers, such as the impact
hammer or shaker and accelerometer, for modal testing of simply supported plate. Huang et al. * developed an
identification algorithm base on modal equations for a thin plate using the piezoceramic transducers. They did extract the
natural frequencies and modal damping ratios of the plate but lack of structural mode shapes. This paper first develops the
FRFs between the PZT actuator and PVDF sensor applied to the simply supported plate. The simply supported plate is
constructed as Ochs and Snowdion % suggested and has been shown for the correctness of the test structure by conventional
modal testing. ® A series of rectangular shape of PVDF films are evenly distributed over the plate and act as the sensing
devices instead of traditional acceleration sensors. The rectangular PZT patches that are adhered to the opposite surfaces of

the plate and activated 180" out-of-phase for pure bending excitation are used as the actuator. The fixed PZT actuator
location and roving the PVDF sensor location is adopted for experimental modal testing. A set of FRFs is measured and
processed through modal parameter extraction method to determine the system modal parameters. Results show that modal
frequencies, modal damping ratio and PVDF sensor mode shapes can be properly identified. In particular, for the simply
supported boundary conditions the PV DF sensor mode shape is proportional to the displacement mode shape as demonstrated.
The idea of smart structural testing is enhanced. The configuration of the system can also be applied to structural failure
diagnosis.

2. THEORETICAL ANALYSIS

The thin plate theory is adopted, and the equation of motion for rectangular plate can be expressed as follows %
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f(x,y,t)isthe external force; W isthe transverse displacement of plate; p plate density; t, plate thickness, c damping
coefficient per unit area; E, Young's modulus of plate; v Poison ratio of plate. To perform theoretical modal analys's,
one can obtain the plate natural frequencies and their corresponding mode shapes as follows %°:
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2.1. Harmonic analysis of PZT actuator excitation

Consider the actuation of the rectangular shape of PZT actuator as shown in Figure 1. Two PZT patches are adhered to the
opposite sides of the plate symmetrically and activated 180° out-of-phase by a voltage input. The pure bending excitation
can be activated. The equivalent force can be derived as distributed line moments along the four edges and expressed as

follows®:
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O(x) is Deltafunction; H(x) isthe step function. Xe, 1 Xg,, ,yc“ Yo, represent the location of the j-th PZT actuator in both
x- and y-coordinates. M., is the equivalent line moment. C, is functions of geometric and material constants for both

PZT patch and plate. A isthe piezoelectirc strain produced by the applied voltage V.. d,, isthe piezoelectric dielectric
strain constant.  t. isthe thickness of PZT patch.

The system response can also be harmonic and derived as follows:
w(x,t) = Z ZWmnfpm(X)wn (y)e (9)
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(xCJ ,ycl) represents the central location of the PZT actuator. |, and | represent the length and width of the PZT

actuator. Equations (11) and (12) are the slope difference mode shape between two opposite edges of the PZT actuator and
proportional to the displacement mode shape.  The modal amplitude can also be expressed as follows:
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Figure 1. The arrangement of the j-th PZT actuator and the i-th PV DF sensor on the rectangular plate



where
B (X, 2 Ye, ) = O (X )0 (Y,) (14)

2.2. Harmonic response of PVDF sensor

The shape function of the i-th PV DF sensor as shown in Figure 1 can be defined as follows:

F(xy) =[H(x=x,) = Hx=x,)][H(Y = Y H(Y = Vo) (15)
where X, , X2+ Yy » Yo € the location of the i-th PVDF sensor in x- and y-coordinates. The PVDF film sensing
equation can be derived asfollows *:
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where t, is the thickness of the PVDF film. e, ,e,, ,e, are piezoelectric field intensity constants. For the simply
supported plate, torsional effect can be neglected, i.e., e36 =0. Theequation can be derived asfollows:
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lx and |, are the length and width of the PVDF film, respectively, while X, ,y, is the central location. Again, the

VX

PVDF sensor mode shape is the slope difference mode shape and proportional to the displacement mode shape for ssimply
supported plate. The resultant voltage of thei-th PV DF sensor can be obtained:
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where ¢ isthe permittivity of PVDF film. A, isthe PVDF sensor area.  The resultant voltage can be rewritten:
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2.3. Frequency response function

The frequency response function between the i-th PV DF sensor and the j-th PZT actuator can be derived and expressed in
conventional modal format:
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O, ; isthe value of the PZT actuator mode shape function at position j, and @i is the value of the PVDF sensor

mode shape function at positioni. In particular, both the PZT actuator and PV DF sensor mode shape functions are the slope
difference mode shapesin sense. For simply supported boundary conditions, the slope difference mode shape can be shown
as proportional to the displacment mode shape.

(25)

3. EXPERIMENTAL ANALYSIS

The objective of experimental modal analysis is to obtain the first four modes, i.e., m=2 and n=2. The grid of the plate is
shown in Figure 2 and numbered up to 25. The PZT actuator is located at position 21, while the PVDF sensors are evenly
distributed at every position. The test plate is shown in Figure 3. The test equipment layout is depicted in Figure 4.
White noise random signal from signal generator (BK 3016) is input to voltage transformer (SQV 3/500) to amplify about 90
times of voltage to be input to PZT actuator. The resultant voltage measured from the PVDF sensor is amplified and input
to channel B. The dual channel FFT analyzer (BK3550) captures both the input and output voltage of the PZT actuator and
PV DF sensor, respectively, and calculates the frequency response function.  Let the PZT actuator be fixed, roving the PVDF
sensors a total number of 25 sets of FRFs can be measured and transported to CADA-PC, a general purpose curve fitting
software to extract the system modal parameters. Natural frequencies, modal damping ratios and PVDF mode shape
functions of the simply supported plate can be extracted. The physical properties of the plate, PZT actuator and PVDF
sensor are shown in Tables 1-3.

Table 1. Physical properties of plate Table 2. Physica properties of Table 3. Physical properties of PVDF
PZT actuator sensor
material Steel
Length (L,) 0.38 (m) type G-1195 type DT1-028K
Width (L, ) 0.3 (m) Length (1, ) 38 (mm) Length (|) 38 (mm)
i 19 i
Thickness(t,) | 0.002 (m) Width (1, ) (mm) Width (1,,) 19 (mm)
: Thickness(t, 1.905(mm Thick t -6
Density (p) | 7870 (kg/m°) e(t.) (mm) ickness (t,) | 28x10° (m)
Youg's S/ Young's 6.3x10%° Young'smodulus |  g3x10%
207x%10° (N/m modulus( E
modulus ( E) (N/m®) (&) (N/m?) (Ec) (N/m?)
i 7650 '
Poison ratio (V) 0292 Density (o) 3 Density(p.) | 1800 (kg/m?)
: : (kg/m”) Poison ratio (v, ) 0.33
Poison ratio (v..) 0.28 Piezodlectricfield | 5410~
Piezoelectric strain | 166x1072 intensity constant (m\V)
constant (dy; =d, ) (m/V) (& =6y)
Permittivity (&) 106x1072
(F/m)




4. RESULTS AND DISCUSSIONS

4.1. Verification of frequency response functions

Figures 5(a)-(b) show the FRFs for i=2, j=21 and i=16, j=21 respectively. Because the PZT actuator is located at position
21, and both sides of the plate is adhered with the PZT patches, the 21" PVDF sensor isignored. In this work, i=16 is used
for i=21. In Figure 5, the solid line denotes the experimental FRF, the dash line denotes the synthesized FRF derived from
the extracted modal parameters, and the chain line denotes the theoretical FRF.  One can observe that the synthesized FRF
agrees well with experimental FRF. The 60 Hz electrical noise in experimentsis eliminated. Thisindicates the correctness
of curve fitting process. The resonance frequencies and the shape of FRFs show very good agreement between the
theoretical and experimental FRFs.  The coherence functions corresponding to experimental FRFs in Figure 5 are shown in
Figure 6. Most values are near 0.9 except where the anti-resonance frequencies and 60 Hz harmonics occur. The small
value of coherence function at low frequency range can be due to the limitation of dynamic range of FRF analyzer.
Generally speaking, the measurement of FRFs is satisfactory and suitable for further curve fitting process to extract modal
parameters of the simply supported plate.
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Figure 4. Experimental equipment layout
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Theoretical natural frequencies of the simply supported plate for m=5, n=5 are shown in Table 4. Table 5 shows the
comparison of natural frequencies for the first four modes. The error percentage is less than —2.1%. The test plate is well

simulated for the simply supported boundary conditions %,

natural frequencies of the structure.

Table 4. Natura frequencies of the simply supported plate (Hz)

m\n 1 2 3 4 5
1 87.71 249.81 519.98 898.22 1384.53
2 188.74 350.85 621.02 999.25 1485.56
3 357.13 519.23 789.40 1167.64 1653.95
4 592.88 754.98 1025.15 1403.39 1889.69
5 895.98 1058.08 1328.25 1706.48 2192.79

The piezoceramic transducers work well in predicting the



Table 5. Comparison of natural frequencies between theoretical and experimental results and modal damping

Natural Experimental Theoretical Error percentage Damping | Damping
frequency (H2) (H2) %) ratio ratio (% )
f, 88.43 87.711608 0.819 &y 1.95
f,, 188.44 188.744605 -0.1614 & 0.39
f, 249.76 249.813438 -0.0214 &, 0.35
f,, 343.22 350.846434 -2.1737 & 0.78

Damping value can not be obtained through theoretical modal analysis. The viscous damping ratio is assumed to be
0.01 for al modes to generate the theoretical FRFs. The modal damping ratios extracted from the curve fitting process for
the first four modes are aso listed in Table 5. &, is 1.95% higher than the expected damping ratio 0.1-0.5% for steel

material **. Other modal damping ratios agree well. However, it should noted that the adhesion and material effect of the
PZT patches and PVDF films can a so contribute to increase damping but neglected in theoretical analysis.

The first four theoretical displacement mode shapes of the simply supported plate are depicted in Figure 7, and the
experimental PVDF sensor mode shapes are shown in Figure 8.  In Figure 8, the mode shapes are depicted in amplitude, so
all values are positive.  One can observe that there are certain degree of similarity between Figures 7 and 8. In particular,
for Figure 9(d) mode (2,2) there are two peak values near 1/3 of plate length in x-coordinate at central line of y=15cm. This
can be explained that the natural frequency of (3,1) mode is 357.13 Hz near mode (2,2) 350.85 Hz. A modal superposition
effect is observed. The PVDF sensor mode shapes as shown previously are proportional to the displacement mode shapes
and validated in Figure 8. The use of piezoceramic transducers for the experimental modal testing is demonstrated and
shown promising.

M SF (modal scale factor) and MAC (modal assurance criterion) 3 between the theoretical and experimentally predicted
mode shapes are tabulated in Tables 6 and 7 respectively. One can see that the diagonal terms except for mode (2,2) close to
one indicates the agreement between the theoretical and predicted mode shapes. The off-diagonal terms near zero indicate
the orthoganality of mode shapes. The bad agreement of mode (2,2) is due to the coupling mode effect of mode (3,1) as
discussed above. In summary, the use of PZT actuator incorporated with the PVDF sensors does successfully perform
experimental modal testing of simply supported plate. The modal parameters, including natural frequencies, modal damping
ratios and PV DF sensor mode shapes, are obtained and physically interpreted. The modal information is useful for further
applicationsin structural fault diagnosis as well as other applications such as structural vibration and acoustic control.

Table 6. MSF values between theoretical and experimentally predicted mode shapes

Mode 1,1 2.1 1.2) 2.2)
(1) | 0.9547+i0.0345 ~0.0125+10.0691 0.0448-10.0294 0.1075-10.0556
2,1 0.0325-10.0089 ~9680+{0.0139 ~0.0597+0.0055 -0.1111-10.0593
1,2) 0.1365+i0.014 0.0984+i0.0086 0.9469+i0.1294 ~0.0374-10.0291
(2,2) | -0.0537+i0.0585 -0.0514-0.0015 0.1524-10.0012 -0.8257+0.3774

Table 7. MAC values between theoretical and experimentally predicted mode shapes

Mode (1,1) 2,1) (1,2) 2,2)
[ 0.9114 0.0002 0.002 0.0116
2.1 0.0011 0.9365 0.0036 0.0123
1,2) 0.0186 0.0097 0.8967 0.0014
2.2) 0.0029 0.0026 0.0232 0.6818
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5. CONCLUSIONS

This work adopts the PZT actuator and PV DF sensors to conduct the experimental modal testing for a simply supported plate.
The theoretical modal analysis is first presented. The system frequency response function between the PZT actuator and
PVDF sensor is also derived. The conventional experimental modal testing procedure is then performed with the use of
piezoceramic transducers. The fixed PZT actuator and roving the PVDF sensor to measure FRFs is carried out. Since
FRFs can be expressed in conventional modal format, the traditional modal parameter extraction methods can be applied.
All of modal parameters, including natural frequencies, modal damping ratios and PVDF sensor mode shapes can be well
identified and physically interpreted. In particular, the PVDF sensor mode shapes can be shown to be proportional to the
displacement mode shapes. Through the comparison study of the FRFs and the extracted modal parameters, the idea of
smart structural testing (SST) is demonstrated for its feasibility and validity. The smart structure system is also enhanced
for its future applicationsin structural fault diagnosis as well as structural vibration and acoustic control.
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