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ABSTRACT

Thiswork developsaforce predictive mode to determine theamplitude and location of the unknown
harmonic force acting on a cantilever beam by using PVDF sensors. Both on- and off-resonance excitations
are consdered. PVDF sensors are didtributed at different positions of the beam and used to measure the
dynamic response due to the unknown harmonic force. Either theoretical or experimentd modd andys's can
be performed to obtain modal parameters which are used to predict the dynamic response in comparison to
themeasured response. An objective function is then defined based on the square of difference between the
predictive response and measured response. The amplitude and location of unknown force can therefore be
predicted by the minimization of the objective function. Both theoreticd smulation and experimenta results
show that the contents of unknown harmonic forces with various amplitudes, locations and excitation
frequencies can be reasonably predicted. The devel oped methodology can be applied to the dynamic system
in harmonic operating conditions such as arotor system and beneficid to the condition monitoring.
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1. INTRODUCTION

Force prediction for harmonic excitation can beof interest. Wang [ 1] developed agenerd formulation
to predict the impact and harmonic forces, respectively, for arbitrary structures. Wang and Lin [2] followed
Wang' s approach [1] and applied accelerometersto measure the beam response due to harmonic force so as
to experimentaly determine theamplitude and location of the harmonic force. Maet al. [3] discussed a rotor
sysgemwith rotating unba ance and loosing bearing problem and estimated their resulting excitation force from
themeasured displacement. D’ Cruz et al. [4] considered a plate subject to a harmonic force. They adopted
the least-square error method and used Gauss-Newton method to minimize the difference between the
predicted and experimentally measured response. The location amplitude and phase angle of the harmonic
force can be properly predicted. Karlsson [ 5] assumed the harmonic force spatialy uniformand predicted its
complex amplitude through the measured harmonic response. Moller [ 6] prescribed the harmonic point force
location, utilized Betti reciproca theory for the referred loading and, therefore, obtained the force amplitude
and gpplied location.

The sensor sdlection is important to force prediction implement. Convectiond sensors may have
source practicd limitations. For examples, accelerometers may have mass inertia effect, and the eddy current
displacement sensor generdly requires additional auxiliary equipment and limits its measured range. Smart
material such as PVDF sensors with light weight can be integrated to Structures. This paper adopts PVDF
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Figure 1. Illustation of harmonic force and PV DF sensor on cantilever beam

sensorsfor force prediction application. Flatau and Chong [ 7] introduced N SF-funded projects and research
in smart materias and structura systems and their development. Wang [8] presented the active vibration
control and compare the control performance for both accelerometers and PV DF sensors.

Theuse of PZT actuators and PVDF sensorsfor structural modal testing is of interest and previoudy
shown itsfeashility inbeam[9] and plate[ 10] structures. The structura modal parameters can be successfully
obtained. Fukunaga et al. [11] aso used piezodectric sensor for the gpplication to damage detection. Ray
[12] adopted piezod ectric actuators and sensorsfor plate vibration control. Hwang and Park [ 13] presented
finite dement modeling technique for piezodectric actuator and sensor implemented to Structures.

This paper uses FV DF sensors to measure the harmonic response of a beam subjected to unknown
harmonic excitation. The force prediction mode is adopted and dightly modified from Wang and Lin [2] to
determine the harmonic force location and its amplitude.

2. TRANSIENT RESPONSE ANALY SIS OF PVDF SENSING FOR BEAM

Congdering the transverse vibration problem of a cantilever beam, based on Bernouli-Euler theory,
the equation of motion can be expressed as
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where E,ly, isbending siffness of the beam; C,, is damping coefficient; r , is materia dengty; A, isthe area of
the cross section; F(x,t) is the unknown externd force acting on the beam. If the beam is subjected to a
harmonic force acting on position x; as shown in Figure 1, the externa force can be expressed as

F(xt)= Fjd(x— X )eiwst 2
whered(x- X;) isimpulse function; ws isexcitation frequency. The harmonic responseistherefore obtained by
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wheref (x) isther™ displacement mode shapefunction and g;(t) is the time function of the beam According
to the orthogondity of mode shapes of the beam, we have
Ff,(x))
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A shape function of PVDF can be expressed as
G(X) =u(x- Xp]j)' u(x- Xp2i) ®)
where x; and X ,; are the coordinates of i™ PVDF; u(x) is unit step function. Thus, the charge of the
PVDF isgiven by
t, +t
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wheret, and b, are the thickness and width; e, isthe piezodectric field intendty congant of PVDF. The
voltage induced by PVDF is

_ )
Vo) =22t @)
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wheree and A, are the € ectric capacity and areaof the cross section of PV DF. Combining Equations (6) and
(7), we have

Vo = K" 8 Qlf 80x,0) - F 80,0) ®)

where
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Consequently, the time response of PV DF can be expressed as
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3. DEVELOPEMENT OF FORCE PREDICTION MODEL

For a beam structure subjected to an unknown harmonic point force presented in previous section,
the beam dynamic response can be measured by the PVDF sensor and used to predict the content of the
harmonic force. The optimization is formulated as follows to predict the harmonic force location and its
amplitude aswd| asthe phase angle. An objection function is defined asthe sum of square difference between
the predicted and experimented PV DF response and experessed as follows:

Ni
Q=8 [u(t)- U )] (11)
where v, (t,) denotesthetheoretical prediction of thei™ PVDF sensor time response. So shown in equation
(10), and V (t,) represents the measured PV DF response. N; is the number of time dataincluded for force
prediction. Reinvoke Equation (10) to show the theoretical PV DF sensor response as follows:
V=& PR,
| r:l(wf-w§)+i(2xww)

éwstk = \/| éwstk = N | ei (Wstk 'q) (12)

where |\/i | and q are the amplitude and phase angle of the PV DF harmonic response. As one can observe,

the unknown parameters are the force amplitude (F;), force location (x;) and phase angle (g) and can be the
design varables for the optimization problem. It is noted that the force location is associated with the mode
shape vector f (x;), so the location number | is prescribed as the design varidble instead of x;. This

modification is different from Wang's approach [1] that used mode shape data f | (x;) as design varibles.

The current approach largely reduces the number of design variables and makes the optimum solution
effident.

In summary, only the measured PV DF dynamic response v, (t, ) is the input to the developed force
prediction dgorithm. The objection function as shown in equation (11) can be condructed with the initia
guess of design variablei.e. Fj, j, and g. The prediction agorithm is implemented by usng compact visud
FORTRAN and solved for the optimization problem by IMSC optimization subroutine DBCPOL. The first
four modes are employed to compute the theoretica dynamic response.

It isnoted that two phases of theimplement in force prediction are carried out. Firg, the theoretical
PVDF sensor response is used as the measured one and input to the prediction program to vaidate the
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Figure 2. Phase |: different force locations for on-resonance excitation

15 §-B-0-08aoh-ouaao- 2.0
18
16
14
12
1.0
08
0.6
0.4

Fi(N)

Position

0 T T T T T T 1 0.2 1
0 40 8 120 160 200 240 280 0 40 80 120 160 200 240 280
Number of iteration Number of iteration

(a) forcelocations (b) force amplitudes

Figure 3. Phase |: different excitation frequencies for off-resonance excitations

feashility of the developed dgorithm. Second, the experimenta modd testing on the cantilever beam &
performed to obtain experimental modal parameters. The PVDF sensor response due to a controlled,
prescribed harmonic force is recorded and used as the input to predict the harmonic force contert.

4. RESULTSAND DISCUSSIONS
4-1 Phase | : theoretical smulation

This section presents the theoretica smulation results for harmonic force prediction by using the
theoretical PV DF sensor response as the measured ones. Different forcing conditions and sensor locations
are dmulated to study the feasibility of the developed agorithm.

Consder acantilever beam subjected to harmonic point forces at different locations, i.e. pogitionsj =3,
5, 7 and 15, respectively. Figure 2 shows the prediction results for on-resonance excitetion, fs=16.6 Hz near
the first resonance frequency. The symboals in Figure 2 “0.7(2,3)” denote the force amplitude 0.7N and
(1,)=(2,3), wherei isthe sensor location, andj istheforce location. As one can observe, both force location
and forceamplitude convergeto the prescribed values dter about 40-50 times of iteration during optimizetion
solution. The force predictions are successful.

Consder the same sensor location and prescribed force location and amplitude for (i,j)=(2,5) and
(10,15), respectively. Figure 3 shows those for off-resonance excitation =30, 50, 70, and 80 Hz,
respectively. One can see both the predicted force locations and amplitudes almost exactly the same to the
prescribed values.

The sensor location can be critical to achieve satisfactory prediction in practice. Here, through the
theoretical smulation to test thesengtivity for different sensor locations. Figure 4 shows the prediction results
for onresonance cases, f~=16.6 Hz. The PVDF sensors are chosen at positions i=3, 5, 7, and 10,
respectively. Results show the prediction of force locations and amplitudes converges to the prescribed
vauesvery wdll.

In summary, the developed force prediction agorithm can successfully determine the force location
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Figure4. Phase |: different sensor |ocations for on-resonance excitation
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Figure5. Phasel: prediction of force locations for different force locations

and amplitude exactly for theoreticd smulation. Different force locations and amplitudes, excitation
frequencies, and PV DF sensor |ocations are tested and revealed perfect predictions. Next section will show
the experimenta prediction results.

4-2 Phase |l experimental validation

In thissection, the experimental moda parameters obtained from modal testing of the beam are used
to predict the PV DF sensor response v, (t, ) asshownin Equation (12). Thefirst four naturdl frequencies are

16.6, 107, 300 and 587 Hz, respectively. Experiments for the cantilever beam subjected to prescribed
harmonic excitation forces are carried out to record PV DF sensor dynamic response that is used to predict
the harmonic amplitude and its location, smultaneoudy, through the predictive program.

Consider theunknown harmonic force excited a 305 Hz near the third resonance. The PV DF sensor
isat pogtioni=1, and the harmonic forces are applied at postions i=2, 4 and 7, respectively. Figure 5 shows
the optimizationsolution process for the convergence of force location, and Figure6 revea sthe PV DF sensor
time response and the convergence of force amplitude, respectively, for case (i,j)=(1,2). Table 1 summarizes
the prediction results. The predicted force amplitudesarewith in £ 4% except the case (i,))=(1,4) with 25%
error because of thesmall force amplitude. The predicted locations for case (i,j)=(1,2) deviatesto j=1 close
to prescribed j=2. The other two cases reved very good location prediction. The phase angles are dso
predicted to adjust the sensor response accordingly as shown in Figure 9(a) for case (i,j)=(1,2).

Table 2 shows the prediction results for different excitation frequencies. Figures 7 and 8 show the
corresponding results for Table 2. For the case (i,))=(5,2) with =107 Hz, the predictive force amplitudeis
4% error, and the predictive force location is exact. For case (i,j) =(1,7) with f=202 Hz, the predictive
location j=8 is dightly different from the prescribed j=7, and the predictive force amplitude is reasonably
predicted in 7% error. Asreveded in Figure8(a), there may have some measured noisein experimentsfor the
dight digtortion of harmonic wave. This can be the cause of the prediction errors. Similar phenomenon can be



Table 1. Phasell: prediction of force locations and amplitudes for different force locations

(i,]) Appliedforce (N) | Predictedforce(N) | Predicted location | Phase angle (degree)
(1,2) 167 1.62(-3%) 1 17.20
(1,4 0.377 0.473(25%) 4 42.42
(1,7) 168 1.61(4%) 7 19.75
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Table 2. Phase |1 prediction of force position and amplitude for different excitation frequencies

(1, ]) | Excitation fregency (Hz) | Applied force (N) | Predicted force (N) | Predicted location| Phase angle (degree)
(52 107 2.32 2.42(4%) 2 1641
1,7 202 1.07 1.14(7%) 8 3123
17) 305 168 1.61(-4%) 7 19.75

observed in other cases. However, the predictive model does accommodate the sgnd noise to reasonably
predict the harmonic force amplitude and location. Although the phase angle of the harmonic force may not be
asimportant as the amplitude or location, the phase angle can properly adjust the time shift of the estimated
PVDF sensor response to fit the experimenta one and is crucid to the optimum solution to ensure the
gppropriate construction of the objective function Thethird case of (i,j) =(1,7) with f=305 Hz dso revedls
reasonable prediction results.



Table 3. Phase |1 prediction of force position and amplitude by different sensor locations

(i,]) Applied force(N) | Predicted force(N) | Predicted location |Phase angle (degree)
(22 234 2.17(-7%) 2 26.72
(32 234 2.51(7%) 2 557
(6,2 2.32 2.25(-3%) 3 10.16
82 234 2.30(-2%) 2 14.69
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Figure 9. Phase II: prediction of forcelocations for different sensor locations
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Figure 10. Phase I1: convergence of predicted force amplitudes for different sensor locations

To experimentally study the effect of PVDF sensor location on the force prediction, the sensor is
arranged to be at position i=2, 3, 6, or 8, respectively, which the harmonic force is prescribed at j=2 with
fs=107 Hz. Table 3 summarizes the prediction results, and Figures 9 and 10 show the corresponding
convergence results, respectively. The predictive force amplitudes are within + 7% errors, the predicted
force location isthe same asthe prescribed except for case (i,j)=(6,2) where the predicted j=3. The number
of iteration in optimum solution is generaly about 50-100, except the case (i,j)=(3,2) up to 800 times. In
summary, the force prediction can be reasonably successful.

5. CONCLUSIONS

Thiswork modifiesthe predictive dgorithm from Wang [1]. The force location index | is adopted as
the design variables making the optima solution effident. In addition, the current approach reveals more
flexible in sdlecting the sensor locations and ensure more stable the convergence of optimal solution than
Wang and Lin [2]. Both theoreticd smulation and experimentd verification for the prediction dgorithm in



usng the PVDF sensors are carried aut, respectively, and shown the feeshility and effectiveness of the
unknown harmonic force prediction. Both the harmonic force amplitude and location can be smultaneoudy
determined in solving the formulated optimization problem. The predictive agorithm can reasonably predict
the force contents that can be useful for Sructural diagnoss. The off-line force prediction is adopted in this
work, and the on-line force prediction is of great interest in the future for practica applications.
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