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Mode shape prediction model from ODS for beam structures
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ABSTRACT ,

This paper presents the modal analysis for
beam structures in harmonic operating conditions.
The mode shape prediction model is developed
with the use of operational deflection shape (ODS)
of the beam. The modal and harmonic response
analysis is first introduced. By the adoption of
polynomial fitting technique to represent mode
shape functions, the optimization problem to
determine structural mode shapes from ODS can
then be formulated and solved. Both the numerical
simulation and experimental verification are
performed to demonstrate the effectiveness of the

... prediction model. Results show that the structural

- mode shapes can be well predicted from ODS for
either on- or off-resonance excitation case. This
- work thus enhances the modal parameter excitation
technique for structure under harmonic operating

"~ conditions.
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NOMENCLATURE

beam cross-sectional area

coeflicient of polynomial fitting function
beam damping coefficient

beam Young’s Modulus

amplitude of the j-th harmonic force
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{) excitation force function

{F(»)} force vector

frequency response function between the
i-th displacement and the j-th force

[#@)] frequency response function martix

A beam cross-sectional area moment of
inertia
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beam length

modal assurance criterion

number of measurement point of ODS
and also the number of mode. shape
components

N order of the polynomial function

n number of modes to be determined

P number of interpolation points for
polynomial fit

S, sum of the absolute value of mode shape
components for »-th mode shape

S, sum of the absolute value of derivative
of r-th mode shape component

w{x,t) beam lateral displacement :

X(w,) i-th component of operational deflection
shape for harmonic excitation

|%,(@,) absolute value of operational deflection
shape for harmonic excitation

{X(#)} displacement response vector

{X(a,)} operational _deflection  shape  for
harmonic excitation

{¥(,)} experimental  operational  deflection

by o

<

shape for harmonic excitation
design variable of s-th component of the

r-th mode shape-

r-th viscous damping ratio

beam density

objective function

Jj-th component of the r-th normalized
modal vector

r-th mode shape function

r-th normalized modal vector

r-th undamped natural frequency

excitation frequency




1. Introduction

In performing conventional experimental
modal analysis (EMA) or testing, structures are
generally required to be in static. With the use of
actuators, such as shakers or impact hammers, to
excite structure and the use of sensors, such as
accelerometers, to measure structure response, the
frequency response function (FRF) can then be
measured. At least a row or a column of FRF
matrix should be obtained so that the general
curve-fitting process can be applied to extract
structure modal parameters {1]. If the test structure
is in its operating condition, such as a rotor system
in rotating condition, the conventional EMA
technique can not be applied directly.

For the restriction of conventional modal
testing, the structural modal identification in
operational condition arises many interests. James
et al. [2) proposed the natural excitation technique
(NexT) to extract modal parameters from operating
structures. Hermans and Auweraer [3] developed
the modal identification method by using
output-only response and discussed its use for real
structures, such as bridges, aircrafts and vehicles.
Hermans and Hermans {4] also introduced
structural model identification during normal
operating conditions.

The ODS is not only useful for machinery
diagnosis [5] or damage detection [6] but also
applicable to identify excitation force [7]. Wang [8]
had a first attempt to extract mode shapes from
ODS for MDOF systems. Hu {9] further modified
the prediction model by adding realistic constraints
and had experimentally validated the modal data
for MDOF systems. This paper will adopt the basic
idea from Wang [8) and Hu [9] to develope the
mode shape prediction mode! from ODS for beam
structures.

This work assumes the- beam structure
subjected to a known harmonic force excitation.
The beam will also appears harmonic response.
The ODS of the beam can then be measured and as
the input data to the prediction model. The
developed mode shape prediction model can
identify the derived structural mode shapes. This
work thus enhances the modal parameter extraction
technique for structure under harmonic operating
condition and can be extended to operational rotor
system for extracting system mode shapes.

2. Theoretical Analysis
2.1 Modal analysis

Consider a beam neglecting  shear
deformation and rotary inertia. The equation of
motion for lateral v:bratnon can be expressed ag
follows:
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For the cantilever beam as shown in Fig. 1 fixed
end atx =0, the boundary condition can be shown:
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Natural frequencies of the cantilever beam can be
obtained as follows {10]:
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(a,L,) % =(a,) J-—p‘ ”
where

a,L, =1.87510407
a,L, = 4.69409113
a,l, = 7.85475744
o L, =10.11554073
a,L, =14.13716839

Forr>5
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The normahzed mode shapes can be expressed:
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The orthonormality relations of mode shapes can,
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Fig. 1. Cantilever beam model




2.2 Harmonic analysis
For the beam subject to the harmonic force
acting aty - X, the force function can be written:

Flx,0)= P}J(x—.rj}a"‘" 63

The beam response can also be harmonic and
determined

u{x,:)=i¢,(xp,e--' ©)
where
0 Flx,) (10)
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The beam response at - x,can then be derived
: o ottt Fé\x, B.(x,
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where x (w,)is the harmonic response of the beam
aty=x . If there are m observation points, the ODS
vector can be defined as follows:
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The frequency response function (FRF) between

the j-th harmonic force and the i-th displacent -

response can also be obtai;ez:l:)
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The input and output relation can be expressed as
follows:
@)} = [H@)}F @) (14)
In conventional structural modal testing, one will
experimentally measure a column or a row of the
FRF matrix. Based on the theoretical formulation
of FRF such as shown in Equation (13), modal
parameter extraction method can then be applied to
curve fit the FRF so that natural frequencies,
damping ratios and mode shapes can be obtained.
In this work the ODS as defined in Equation
(12) are assumed measurable. The harmonic force
information is also assumed known in prior.
Natural frequencies and damping ratios can be
easily obtained from single measurement of FRE.

(13)

The i-th components of ODS vector can be shown -

2s 3 function of the harmonic force amplitude and
the excitation frequency as well as modal
Parameters. The following section will present the
mode shapes prediction model from the ODS.

2.3 Mode shape prediction model from ODS
The general idea for mode shape prediction
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from the measured ODS is illustrated in Fig. 2.
There are m grid points in beam. With the
assumption that the harmonic point force is applied
at the j-th location, and the sensor, such as the
accelerometer, is located at position 7. The ODS
vector {i(s,)} ,can be measured and as the input

data to the prediction model. As mentioned
previously, natural frequencies and damping ratios
of the beam structure can be easily obtained and
also be the input. Through the prediction model,
the structural mode shapes can then be determined.
In order to develop the mode shape prediction
model, the polynomial fit of the mode shape
function is first illustrated in Fig. 3(a).

ODS

T , E
(a)Illustration for pelynomial fit of mode
shape function
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{(b)Representation of mode shape by polynomial -
' function

Fig. 3. Polynomial interpolation of mode
shape function

There are p grid points along the beam length.
Their coordinates are denoted as % Their

corresponding components of the 7-th mode shape
are designated as Vs Yrames¥, - 1€ polynomial

fitting function for the r-th mode shape can be
expressed as follows:




ﬁwziqﬁe (15)

The coefficient a,, ¢an be determined by
polynomial fit with the known x, and. If there are

m measurement points, and their coordinates are
X, %,,..%,» then the ith component of the r-th

mode shape can be interpreted as illustrated in Fig.
3(b). There are several advantages of the adoption
of polynomial fitting function to represent the
mode shape. The number of interpolation point p
can be different from the ODS measure point .
The order of polynomial function N can be easily
adjusted for different boundary characteristics. In
the following derivation of the mode shape
prediction model, the will be chosen as the design
variables. The slight deviation of from the mode
shape components #.(%) will still be smoothed,
The polynomial fitting function still has good
interpolation of structural mode shapes.

The purpose of this section is to formulate the
optimization problem that can be solved for the
mode shapes from ODS. As noted previously, the
measured ODS vector is denoted {¥(w,)}- The

theoretical ODS vector {x{»,)} has been derived
- in section 2.2. As shown, {x(w,)} are functions of

the harmonic force as well as modal parameters, In
particular, the mmode shape components are
unknown and to be determined. Therefore, the
optimization problem to predict the mode shape is
defined as follows: ‘
Objection function:

@=0(y,, )= puc{xw ) {tw,))-1]
Design variables:
Veaar=12.,n58=12,., P
Constraints:
L {MC({¢},.{¢},)— 1s0,r= s}
MAC(lg} . {6},)<0,r # 5

IL S, =i|¢”’,3l >8>8,>.58,
=l

(16)

I11. S, = il(ﬂ:.’],sﬂ <8,<8,<..<8,,
=]

The objective function uses the MAC
characteristics. If two vectors are proportional to
each other, the MAC value will be exactly one.
The objection function is based on the least square
error between the predicted and measured ODS. As

shown in Equation (11), the predicted ODS {x{)} -

can be a function of the harmonic force and modal
parameters. With the adoption of polynomial fit on
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mode shape functions as shown in Equatiop sy,
The design variables can be specifieq 8, Thie
approach is different from the previoys w(;r[: 8,9]
They used mode shape components as the gac o
variables for MDOF systems. The polyn
will reduce the number of design variables and -
provide with flexibility to choose the intel'polation"
points,

Constraint I is to confine the determined
mode shapes to maintain their orthorgonality '
relations. Constraint I uses the sum of absolute
value of mode shape components for each mog
shape to adjust the mode sequence. Constraint 1] ;
is also applied to adjust the mode sequence by -
summing the absolute values of derivative of mod
shape components. The higher mode results in::
higher values of ¢ e

¢ design
omial fj

After the resolution of the optitnization
problem, design variables ,,  can be determined
The polynomial fit of mode shape function

shown in Equation (15) can also be solved, The
mode shapes can then be interpolated accordingly.

1 define prograen variablea
t

2 l =i oy

3 'r(‘)'qgo“r,q‘q

solve eotimization pobjem
L

N
#r (‘ )' QEO "r.q"q

Fig. 4. Mode shape prediction program flow
chart




3. Development of prediction program

This section introduces the mode shape prediction
program by using MATLAB [12]. Polynomial-fit
algorithm polyfit provided by MATLAB is adopted
to curve fit the mode shape function with the
known 3 and ¥, 0 =12, p. In solving the

defined optimization problem, a general
constrained  optimization solver const also
provided MATLAB is used. The solution flow
chart is illustrated in Fig. 4.
The factors that affect the optimum solution
and the accuracy of the predicted mode shapes are
discussed as follows:
1.The number of interpolation points p should be
proper selected. p must be large enough to reveal
“the mode shape characteristics. The thumb rule is
that p is at least twice of modes to be predicted.

2.The order of polynomial function N should also
be selected according to the number of modes to
be determined.

3.The proper choice of the initial guess of design
variables 5 =~ will be beneficial to efficiently

solve for the optimum. As discussed, this work
adopts the polynomial function to fit mode
shapes. Therefore, the discrepancy of the guessed
initial design variables from the optimum values
can be adjusted accordingly. The fitted
polynomials also have the ability to smooth the

mode shape curve, and so forth the relative

deviation of y,, can be .smoothed. The effect of
the prediction error of y,, on mode shapes will
also be reduced.

4. Experimental verification

This section presents the experimental
analysis for measuring the ODS of the cantilever
beam subjected to a harmonic force excitation. The
measured ODS can then be used to predict the first
four mode shapes of the beam. The experimental
setup is shown in Fig. 5(a). BK3550, a dual
channel analyzer, is used. The signal generator
produces a harmonic signal connected to power
amplifier (BK2706) as the input signal to induce
shaker (BK4809) located at position j=7 as
shown in Fig. 5(b). The impedance head
(PCB288D01) adhered to the beam to measure the
actual applied force and the driving point
acceleration, The driving point response is

designated as the reference point. An additional
accelerometer (PCB309A) is applied as the roving
sensor in order to measure the ODS of the beam.
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Fig. 5. Experimental setup for measurement
ODS
Table 1. Cantilever beam geometry dimension
and material properties

~ Material Steel
Length (1) 0.3m
Width (; ) 0.0394m
Thickness (4, ) 0.0016m
Density (, ) 7870kg/m’
Young's Modulus (£, }1207x10°N/m?

Table 2. Experimental measured natural
frequencies and damping ratios .

Naturs] frequency (Hz) |Damping ratio]

Mode 1 14.01 1.3478

Mode 2| 90.73 1.123

Mode 3 253.45 0.455
Mode 4 488 0.3957

5. Experimental prediction of mode shapes
This section presents the experimental
prediction of mode shapes from ODS to validate
the developed prediction method. The beam
geometry dimension and material properties in
Table 1.. The beam natural frequencies and
damping ratios are first extract from single
measurement of FRF by SDOF curve-fitting and
tabulated in Table 2. The prediction program
variables are set as the same as previous cases.




On-resonance excitation case
For the case of s=90Hz s, ie. near the

second mode, Table 3 and Figure 6 show the

experimental prediction results.

1.Table 3(a) shows the measured and predicted
ODS as well as the relative errors for both time
and frequency domain methods. The predicted
ODS are generally about 3 times higher than the
experimentally measured for the resonance
excitation. The reason for the large discrepancy
of amplitude could be the damping effect.
However, the ODS as shown in Fig. 6(a) and 6(b)
are still comparable and consistence.

2.Fig. 6(c) and 6(d) show the predicted mode
shapes for both time and frequency domain ODS
measurement methods, respectively. The
predicted mode shapes generally agree very well,
By examining the prediction error as shown in
Table 3(b), onec can observe that the error is
generally with in 10% except at ;=1 near the
clamped end for its low amplitude.

3.From Table 3(c) and 3(d), the diagonal terms of
MSF value are ranged from 1.03~1.12. This
indicates the predicted mode shape errors are
about 3%~12%. That the off-diagonal terms is
almost close to zero indicates the well
orthonormality relations,
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(b) ODS comparison
for frequency domain

- (a)ODS comparison for
time domain method
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{c) Predicted mode shapes (d) Predicted mode shapes
for time domain for frequency domain
method method
Fig. 6. Experimental prediction of mode shapes

for on-resonance excitation, f,=90Hz~ f,
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Fig. 7. Experimental prediction of mode shapes

for off-resonance excitation, f,< f,=176Hz < f,

Off—r&aona nce excitation case
For the case of g, <y =176Hz <, ie.

between the second and third modes, Table 4 and
Figure 7 show the prediction results.
1.From Table 4(a) and Fig. 7(a) and 7(b), theODS
prediction can be seen reasonably well. :
2.The predicted mode shapes as shown in Fig. 7(c)
and 7(d) reveal very good agreement except
those near the clamped ends and nodal points.
3.The overall errors of mode shape prediction are
ranged from ~3% to 10% as observed from Table
4(c) and 4(d).
From above discussions, the developed mode
shape prediction model is promising. For either on-
or off-resonance excitation cases, the mode shape” .
prediction can be satisfactory. Large discrepancy
mainly occurs at those near the-clamped and fres: -
ends or nodal points. This may due to the fact that
the polynomial fit can not fit well for the boundary,
especially for the fixed end. A refined spline-fit
method may improve the improper interpolation at
those critical areas. Besides, a good quality of ODS
measurement is also desired in order to obtain the
satisfactory prediction of mode shapes.

6. Conclusions )

This work presents the mode shape prediction
model from ODS. The structural ODS is defined as
the steady state response of the structure subject t0
a harmonic force. The cantilever beam structure is
studied and shown for the feasibility of the




developed prediction modet numerically and
experimentally. The beam ODS response analysis
is presented. The polynomial fit technique is also
adopted to interpolate the mode shape function.
Formulating the optimization problem then

develops the mode shape prediction model. The
main idea is to find the mode shapes such that the
error between the measured and predicted ODS
will be minimized.

Table 3. Experimental prediction of mode shapes for on-resonance excitation, f, =90Hz ~ I
(2) Comparison between theoretical and predicted ODS

Time demain method Frequency domain method
Measured Predicted Error (%) Measured Predicted Error (%)
. EEEN P - 14
NOE X x10™ | X x10™ ] Xox10t | X <o i
0.0124-0.0151i | 0.0117-0.0395; 10.3627  |-0.0155.0.0129i] 0.0118-0.0399 10565930

0.0214-0.0305i | 0.0227.0.0710; 100.1308

-0.0309-0.0209i | 0.0234-0.0732 105.972%

0.0284-0.0442i | 0.0621-0.1995( 297.8018

-0.0450-0.0280i 0.0620-0.1991 293.1071

0.0487-0.078%i | 0.1042-0,3406i 285.5872

-0.0759-0.04 78] 0.1040-0.3399 285.4685

0.0617-0.1035i | 0.1408-0.4679; 305.2500

-0.1049-0.0620i] 0.1408-0.4670i 301.0091

0.0723-0.1241i | 0.1623-0.5688i 313.0684

0.1249-0.0727i 0.1683-0,5687i 310.3475

0.0639-0.1508; ¢ 0.1831-0.6253 300.1775

<0.1409-0.0823i{ 0.1828-0.6283i 300.9543

0.0843-0.1336i | 0.1820-0.6145 306.4898

-0.1407-0.0819:| 0.1815-0.6332 04.5167

Aol -CR R -0 EES F N EI) PN

0.0781-0.130%i | 0.1631-0.5767 293.2867

-0.1314-0.07681| 0.1627-0.5755i 292.9087

10 | 0.0629-0.1065i | 0.1269-0.45561 | 282.4003

0.£069-0.0622i| 0.1270-0.4559] 282.6460

1 | 6.0413-0.0712i | 0.0761-0.2803 253.0394

-0.0711-0.0415id 0.0764-0.2817 254.5342

12 | 0.0061-0.0158i [ £.0132-0.0616 2721568

-0.0148-0.0071i| 0.0133-0.0621 287.2956

13 |-0.0276+0.0450i] -0.0500+0, 193 284.1628

0.0454+0.0282i| -0.0606+0.195 283.2865

14 |-0.0670+0.1064i[-0.1406+0.4746i]  293.6550

0.1077+2.0652i | -0.1414+0.477 2954172

15 |-0.101840.1621i|-02137+0.7288i] 296.6605

0.1647+0.0985i]-0.2129+0.7262i1 2939593

(b)Comphrison between theoretical and
predicted mode shapes

Time domainemor ( % } | Frequency domain emror{ & )

NO (8] - 6D #1100 ([#]1~{#1)/T#)x100
Mode 1]Mode 2[Mode 3[Mode 4] Mode 1 [Mode 7| Mode 3 [Mode 4
i_[793.00| 27138 | 15,17 | 28.07 [1162.00] 275.54] 3.39 | 36.70
2 {3989 [-16411-10.90 | -7.65 | -56.90 [ -13,70 | -1) 50 | -7.09
3)-252 | A3 )-11.6] 795 | 235 | 339 {1100 | 765
41226 | -154 [-10.99]| -7.81 | 045 | -2.05 | -t0.85] 753
5 |-510 | 299 [.11.02] 805 472 | 290 |- 101 808
6 1-529 | 347 [-11.06| 5.65 | -5.66 [ -3.35 [-11.16 | .71
7] -449 1 -325 N0 316 | 4.78 | -3.32 {~11.16 | 506
Bl 422129 | 550 [-831 { 4.19 | -3.10 | -9.01 | -2.08
9| 43521201 TT1.16] -7.92 | 431 | -3.03 | -10.161 .58
101 461 | -3.24 [-10.59 F -6.80 | 445 | -5.10 |-1008) 743
1} 407 | -346 F-11.00| 759 | .0 | -2.91 |-1098 | -7.51
2| -346 | -230 [-1117] -7.63 | 3.4 -143 {1118 | -7.59
31-395 | 231 [“11.000 -7.99 | -3.86 | 126 }-11.00] 8.00
141 -525 | -i.10 [-12.57] 4.04 [ -5.18 | 047 [-13.08] 534
151099 ] .537 | 969 [-384 | -1.06 | -5.62 | -034 | 323

(c) MSF matrix for theoretical and predicted ‘

mode shapes (time domain method frequency)
theoretical

predicted |MOde 1[Mode 2(Mode 3[Mode 4
Mode | {16364 10,0070 |-0.0054{0.0046
Mode 2 [-0.0023)1,0345 |0.0085 [-0.0063
Mode3 [-0.0023]|0.0133 |1.1218 [0.0092
Mode 4 0.0054 |-0.0163{0.0138 |1.0806

(d) MSF matrix for theoretical and predicted

mode shapes (frequency domain method)
theoretical _
redicted |Mode 1[Mode 2Mode 3|Mode 4
[Mode | 11.0359 [0.0065 |-0.0050[0.0041
Mode 2 |-0.0022]1.0344 |0.0079 [-0.0058
Mode 3 |-0.0027)0.0133 |1.1212 [0.0073
Mode 4~ [0.0059 }-0.0161]0.0133 [1.0792

Table 4. Experimental prediction of mode shapes for off-resonance excitation, f, < J,=176Hz < f,
{a) Comparison between the +retical and predicted QDS

Time domain method Frequency domain method
Measured Predicted Error (%) M y Predicted Error (%)
N . x[-1% N [x] -2

NO. XxlO" IYXI'[:,-a I ;f]l l"m X xlO" XXIU-’ ll‘ell |=I00
1 { 0.0630-0,0336i | 0.0865-0.0050; 0.0001 -0.0322-0.0640i] 0.0800-0.0059 0.0001
2 | 0.1212.0.079%i | 0.1603-0,0173i 116734 |-0.0803-0.1237i{ C.1364-0.0146i | -7.0200
3 | 0.1666-0.1058i | 06.2474-0.0208; 262867  |.0.1081-0.1557i| 0.2207-0.6271 15.2726
4 | 0.1787-6.1210i { 0.2293-0,0348i 74115 -0.1199-0.1778i[ 0.2200-0.0333i 3.7524
5 | 0.0838-0.094¢i | 0.1279-0,0331i 4.9007 ~0.0741-0.1074i 0.1384-0.0331i 9.0938
6 |-0.0224+0.0113i] 0.0055-0.6271 110.2183  10.0111+0.02117] 0.0125-0.0278i 127.8481
7_|-0.1009+0.0685i] -0.1355-0.0177 2.0382 0.0676+0.1022i} 0.1240-0.01 80 22545
8 |.0.1832+0.1257i]-0.2454.0.0082i 04544 0.1266+0.1856i | -0.2460-0.0047 9.5284
9 {-0.2183+0.1526i[-0.3246+0.0089i| ~_ 22.028% D.1558+0.2233i|-0.3321+0,0102i]  22.0224
10 |-0.2577+0.1802i[-0.3578+0.6218; 13.9983 0.1828+0.2640i|-0.3605+0,0226i 125172
11 |-0.2091+0.1461i]-0.3214+0.0250i] 26,5181 0.148640.2131{|-0.3128+0,6280i] 20,8823
12 |-0.1558+).1104i]-0.1583+0.0263i 4.7947 0.1078+0.1599i |-0.1837+0.0239i -3.9428
13 | 0.0241-0.0159; | 0.0063+0,0123i 47.8641 -0.0152-0.0253i] 0.0099+0.0114; SLis61
14 | 0.1777-0.1092i | 0.2606-0.0095i 250187  [.0.1115-0.1751i| 0.2398-0,0065 15.526]
15 | 0.3897-0.2497i | 0.5444-0.0330 17.8196 -0.2538-0.3938i| 0.5227-0.0344j 11,8014
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Table 4. Experimental prediction of mode shapes for off-resonance excitation, f, < f, =176Hz </,

(b} Comparison between theoretical and
predicted mode shapes

Time domain eror { % } Frequency damain error { % )
NO. ([¢#]1-[#D1¢] =100 {[#]-[¢])T¢]x100

Mode | {Made 2| Mode 3|Mode 4{ Mode | IMode 2 [Mode 3| Mode 4

1 |9371.001-911.81]225.46 | 85.57 [7230.00(-743.26] 299,45 | -38.11
2 |-630.34]|-27.36 | 40,03 | -2.18 [-577.47]-21.78[ 238 | 1.8)
3 1-124.12| 407 | 1061 | -110 [-102530] -367 | .14 | -3.02
4] -266 | 615 |-1091] -540 | 2.57 090 |-10.22 | 6.40
3 123 8.70 |-24.28 214151 341 2.81 | -20.07 | -10.0h
6 ) -5.73 | 771 |-3002) 5205 | -5.16 [ 199 [-Z384 ] 1072
70598 | 302 |-2801} -2.03 | 647 | 098 [-21.64] -749
8]-353 1153 9804 ) 986 ] 415 [ -481 | 6052 | -8.80
%1 -394 | -388 13270 ([-1176] 269 | -792 [ 2227 893
10 -5.89 {293 §-21.17]-16.99] -2.11 | B35 [-1494] 0.16
11 ] -7.11 256 f-10B0 [ 877 { -397 | .3.30 ]-1035] -7.55
12 ] -582 | 3046 | -4.16 | 838 [ -3.88 | 34.05 { .7.06 | .7.44
13 ] -3.39 )-16.16| 0.84 SA6F 330 |-12321 2293 § -8.42
14| 320 | 577 | -1.44 [4067] -3.57 | 092 [-20.42}-16.09
15] -390 | 478 | 417 [-16.60] -4.3) [ -266 F 3.74 }-10.99

Both the numerical simulation and experimental
verification are performed and validated,
respectively, for the feasibility in determining
mode shapes from ODS. This work will improve
the restriction of conventional modal testing that
requires the tested structure in static, In particular,
for harmonic excitation system, such as a rotor

system, the developed methodology can be applied.

This work thus enhances the experimental modal
analysis technique for the structure in harmonic
operating condition. :
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