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Abstract. Model optimization has an important influence on the accuracy of sim-
ulation results based on finite element models. Existing research have been car-
ried out various ideas for model correction to make the finite element model con-
sistent with reality and easy for engineering practice. Good results have been
achieved, but there are not too many researches based on the optimization of air-
craft structure. In this paper, the finite element model of the wing rib beam struc-
ture is corrected by hammering modal experiment results, and on the basis of the
optimized finite element model, the modal parameter identification is carried out
for the wing rib beam structure by the NExT-ERA, and the results show that the
identification results by the NExT-ERA are in good consistence with the finite
element simulation results.

Keywords: structure optimization, modal parameter identification, hammering
modal test.

1 Introduction

Model correction is the core of structural dynamics model validation [, which is a key
link to ensure the reliability of structural simulation results. Model correction methods
can be roughly divided into two categories: matrix method and parametric method, and
the parametric method is commonly used for finite element model correction due to its
specific physical meaning, which has been widely used in acrospace field.

There have been many research results in the field of model correction, He et al. [?!
proposed a model correction and virtual validation method considering modeling un-
certainty, which showed that the corrected finite element model has high accuracy and
reliability. Wan et al. ¥ proposed a structural damage identification method based on
the combination of modal flexibility curvature and Bayesian-based finite element
model correction, which achieves the precise location of damage and the identification
of damage extent. Li et al. ™ proposed a dynamic model updating method for structures
with automatic mode recognition. The effectiveness of the proposed model updating
method is verified by using the intrinsic frequency and mode shapes of the plate
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obtained from experimental modal analysis as the updating target of the finite element
model. She et al. ¥ proposed a neural network finite element model correction method
based on genetic algorithm optimization can effectively improve the efficiency and ac-
curacy of finite element model correction. Xu et al. ¥ carried out finite element model
modification as well as modal optimization of Z-pipe based on the response surface
method, and achieved the design goal of keeping the structure low-order intrinsic fre-
quency away from the resonance point by modifying the material parameters through
multi-objective optimization with the help of vibration sweep test data, Zhu et al. [']
verified the validity of the solar wing drive mechanism model, and realized the design
of the structural strength in accordance with the safety margin.

Existing studies have dealt less with finite element model corrections for aircraft
structures, In this paper, the finite element model of the wing rib beam structure is op-
timized by the results of the hammering modal experiment, and based on the response
results of the optimized finite element model, the frequency and mode shapes of the
structure are identified by the time-domain modal identification method named NExT-
ERA(Natural Excitation Technique and Eigensystem Realization Algorithm), so as to
lay the foundation for the health monitoring based on the structural modal vibration
shapes.

2 Optimization of the Wing Rib Beam Structure

2.1  The Parameter of the Wing Rib Beam Structure

The rib beam has the length of 2m , the width of 0.1m and the thickness of 0.25m .
Ten grooves distribute on the two faces of the rib beam, and the outer size for each
groove is 45cm x 9cm x 1em , the thickness of the outer edge of the grooveis 0.5¢m .
The size of the fixed rectangular body is120cm x120cm x 30cm , and nine through-
holes with the diameter 12cm arrange on the rectangular body uniformly for fixation.
The rib beam structure is symmetrical on the middle face, the thickness of the middle
faceis 0.5¢cm , and each groove has the hole in the middle with Scm length and lem
radius as shown in Figure 1. The density, modulus of elasticity ( £ ) and Poisson's ratio
(V)of the structure are 2700kg /m?, 7e10 and 0.3 respectively.

Flr = 1T =17 = 1T =T =1
fixed end

wing rib beam structure

Fig. 1. Schematic diagram of wing rib beam structure.

2.2  Modal Experiments Based on the Hammering Method

The wing rib beam is fixed on the test ground base, and acceleration sensors are ar-
ranged at different positions on the structure, the acceleration response of the structure
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is obtained through the acceleration sensors after the hammering, and the frequency
response function of the structure is obtained through the Testlab2019.1, which can
obtain the intrinsic frequency, damping ratio, and mode vibration shapes, and the finite
element model is optimized based on the results of the hammering experiment.

The three-degree-of-freedom accelerometers are arranged two by two uniformly
symmetrical on the wing rib beam structure, as shown in Figure 2 and Figure 3.

Fig. 3. Acceleration sensor.

In the Geometry module of the Testlab2019.1, ten points are used to construct a
simplified model of the structure as in Figure 4, with point one to eight corresponding
to the sensor positions on the structure. The nine and ten points serve as the fixed ends
of the structure with the coordinate (0,0,0) and (0,10,0).

(T 11

Fig. 4. Diagram of coordinate system and eight sensors.

According to the specific dimensions of the structural and the sensor mounting po-
sition, the coordinates of each point are shown in Table 1.

Table 1. Coordinates of ten points.

Coordinate (cm )

Point
(X,Y.Z) (X,Y,Z)
1 (50,0,0) 6 (100,10,0)
2 (100,0,0) 7 (150,10,0)
3 (150,0,0) 8 (200,10,0)
4 (200,0,0) 9 (0,0,0)
5 (50,10,0) 10 (0,10,0)

According to the overall coordinate system arrangement set by wing rib beam, the
three-degree-of-freedom orientation configuration of the acceleration sensors is com-
pleted in the Impact Testing module of the Testlab2019.1 software as shown in Table
2.
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The force hammer was connected to the channel of the data acquisition system, and
the same channel configuration was performed in Impact Testing, where the force ham-
mer was used to perform hammering experiments to obtain the intrinsic frequencies of
the structure, and the corresponding modal vibration patterns. The results are shown in
Figure 5 to Figure 6.

Table 2. Sensor configuration based on overall coordinate system orientation.

Overall coordinate system orientation

X Y Z X Y Z
Sensor number Sensor orientation conﬁguration
1 X Y -Z 5 X Y Z
2 X Z -Y 6 X Y Z
3 X Y -Z 7 X Y Z
4 X Y -Z 8 X V4 -Y

1 : 29984 Hz, 0.94 %

(a) First-order bending mode (b) Second-order bending mode (c) Third-order bending mode

Fig. 5. Mode parameters in the Z-X vibration plane.

Mode 3 : 149.9061 Hz

(a) First-order bending mode (b) Second-order bending mode (c) First-order torsion mode

Fig. 6. Mode parameters in the X-Y vibration plane and first-order torsion mode.

2.3 Finite Element Model Optimization

Based on the Abaqus, the intrinsic frequency and mode shapes of the structural finite
element model are obtained, as shown in Figure 7.
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Fig. 7. Abaqus modal analysis results.

The modal analysis shows that the first nine orders of modal vibrations of the struc-
ture contain a total of three orders of torsional mode vibrations and six orders of bend-
ing mode vibrations, and the results of Abaqus simulation and the results from the ham-
mering experiments are summarized in Table 3, and the errors between the two are

calculated.

Table 3. Comparison of intrinsic frequencies.

Vibration plane Order Abaqus Hammering Errors
1 3.1012 Hz 2.9984 3.4%
Z-X 2 19.399 Hz 18.7810 3.3%
3 54.209 Hz 52.2437 3.7%
oy 1 24719 Hz 23.1140 6.9%
2 150.75 Hz 149.9061 1%
Torsion mode 1 30.898 Hz 33.4359 7.6%

(Errors=abs(Abaqus-Hammering)/Hammering X 100%)

From the analysis in the table, it can be seen that the error between the intrinsic
frequency of the bending mode of the Z-X plane obtained by the hammering method
and the Abaqus simulation results are kept within the error of 5%, the bending mode of
the X-Y plane and the torsion mode is not greater than 8%. Optimum finite element
model based on the hammering experimental results so that the results of the finite
element model are as consistent as possible with the experimental values.
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3 Identification of Modal Parameters of the Wing Rib Beam
Structure

3.1 Identification of Bending Mode Parameters on Z-X Vibration Plane

The dynamic response simulation of the optimized finite element structural model is
carried out by Abaqus, and the two-order bending mode shapes of the Z-X vibration
planes are identified by the NExT-ERA, as shown in Figure 8, in which the simulated
values are obtained by the Abaqus modal analysis.

¥ T L T ¥
* Abaqus * Abaqus
NEXT-ERA 04 NEXT-ERA

04 *
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0.1 % -0.1

03 . ¥

0 2 4 6 8 10 12 14 16 04
point point

(a) First-order bending mode (b) Second-order bending mode

Fig. 8. Bending mode shapes in the X-Y vibration plane.

The frequency errors for the simulated values by Abaqus and the identified values
by NExT-ERA are shown in Table 4, and the vibrational mode correlation is repre-
sented by the MAC as in Table 5.

Table 4. Comparison of Abaqus simulated values and NExT-ERA identified values.

Frequency (Hz) Abaqus NExT-ERA Errors
First-order bending mode 3.1012 2.9301 5.5%
Second-order bending mode 19.399 19.4343 0.2%

(Errors=abs(Abaqus- NExT-ERA)/Abaqus x 100%)

Table 5. MAC of the first two orders of bending mode shapes.

Bending mode shapes MAC
First-order 0.9989
Second-order 0.9842

From the comparison of obtained bending intrinsic frequencies and the MAC of the
associated modal shapes, the modal shapes and intrinsic frequencies of the first two
orders are in good agreement with the Abaqus simulation results.
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3.2 Identification of Torsional Mode Parameters

Based on the time response data of points in the two prongs on the Y-Z vibration plane
as shown in Figure 9. The torsional mode shapes of the structure obtained by the NExT-
ERA are shown in Figure 10, and the identified torsional shapes and intrinsic frequency
are verified against the simulation values, as shown in Table 6 and Table 7.
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Fig. 9. Data points on the wing rib beam structure.
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Fig. 10. The torsional mode shapes.

Table 6. Comparison of Abaqus simulated values and NExT-ERA identified values.

Frequency (Hz) Abaqus NExT-ERA Errors
First-order torsional mode 30.898 31.2073 1%
Second-order torsional mode 95.560 99.2755 3.9%

Table 7. MAC of the first two orders of torsional mode shapes.

torsional mode shapes MAC
First-order 0.9990
Second-order 0.9497

From the analysis results in the table, it can be seen that for the first two orders of
the torsional intrinsic frequency and torsional mode shapes, the errors between the
Abaqus simulation values and the NExT-ERA identified values are less than 4%, and
the similarity of the first two orders of the torsional mode shapes is more than 0.9,
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which shows that the NExT-ERA has a great accuracy in the identification of torsional
intrinsic frequency and mode shapes of the wing rib beam structure.

4 Conclusions

In this paper, the finite element model of the wing rib beam structure is optimized based
on the results of hammering experiments, and the modal parameters are identified based
on the optimized model response data by the NExT-ERA, and the identification results
are in good agreement with the Abaqus simulation results.
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