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Abstract. Spacecraft sustains the complex and severe vibro-acoustic environments during the
flight. Acoustic test is different from random vibration test, but they can complement the
energy in different frequency band for each other. Vibro-acoustic environment prediction of
structure can provide supports for measuring point arrangement and test condition defining. In
this paper, the application of FE-SEA hybrid method in vibro-acoustic environment prediction
of complex structure is studied. Structural response is predicted through reasonable loading
method and modelling method. Vibro-acoustic test results show the validity of the prediction
method.

1. Introduction

Spacecraft sustains the complex and severe vibro-acoustic environments during the flight, such as
acoustic environment in light-off and transonic phase and vibration environment in light-off phase.
There are two main vibration sources. One source is fluctuating thrust transmitted from engine to
rocket, which can be simulated by shaker in low frequency band, but in high frequency band the
excitation of shaker can not satisfy requirement for the limit of shaker and clamp fixture'". The other
source is aerodynamic force applied on the surface of rocket, which can simulate by ground acoustic
test but not shaker. Acoustic test and random vibration test have essential difference, but they can
complement each other. Combined test of vibration and acoustic will supply sufficient energy in
different frequency band and much more really simulate the vibration source. Meanwhile, vibro-
acoustic test can improve effectiveness of ground test™ ™. Vibro-acoustic environment prediction can
supply supports for transducer arrangement and condition determination of test.

Yan compared the vibro-acoustic environment test, the acoustic test and the random vibration test
of a spacecraft antenna, and analyzed the coupling effect of vibro-acoustic test'®’. It was shown that the
structure response was excited insufficiently in the low frequency region in the acoustic test and was
attenuated in the high frequency region in the vibration test. Yang studied a vibro-acoustic
environment test for the solar panel of a spacecraft”). Two typical vibro-acoustic analysis methods, the
hybrid FE-SEA and the coupled FE/BEM, were adopted to analyze the solar panel structure response
under a random vibration and/or acoustic excitation condition. The components were tested effectively
by the vibro-acoustic environment test. Zou applied a new technique based on the hybrid FE-SEA
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method to the prediction of the random vibration environment, and studied the random
vibration as specified by the predictive results™.

In this paper, the application of FE-SEA hybrid method in vibro-acoustic environment prediction
of complex structure is studied. Structural response is predicted through reasonable loading method
and modelling method. To validate the prediction method, vibro-acoustic test are carried out.

2. Excitation Simulation

2.1. Random excitation simulation

Random vibration on shaker is a common dynamic environment method for spacecraft and provides
important basis to reliability qualification for complex structure. The specimens are connected on
shaker by rigid clamp fixture. The control spectrum of shaker is usually velocity spectrum or
acceleration spectrum. The velocity spectrum or acceleration spectrum can be transmitted into
excitation force of structure by large mass method. The principle is shown in Figure 1.
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: Figure 1. Model of shaker and structure. :
In Figure 1, Mis much larger thanm, Uis the acceleration of M. The connection between

M, and mis assumed to be rigid. If the imported excitation of M ,and the response of Mare both

Sine function:

Imported excitation function: P = p(w)e'™ (1)
response function: X = X(@)e"™ )

to ensure the acceleration response of structure is U, the excitation force imposed should be:
P=(M,+my 3)

For the case of mlJ M, ,P~ MU, then (M, + M) can be substituted by M ,.Therefore the
dynamic equation of the system can be written as:
[MT{X®)} +[BIHX®)} +[KTX(D)} = {P(w)}€” (4)
where [M]is mass matrix, [B]is damping matrix, [K]is stiffness matrix.
X(t) can be discretized as:

(X} =[g]{&()}€" (5)
where [@]is modal matrix of system. Using equation (5), the displacement can be transformed from
physical coordinate into modal coordinate. Submitting equation (5) into equation (4) and divided by

e on both sides, the following equation can be obtained:
- 0’ [M][¢1{ (@)} +ia[Bl[¢]{&(@)} +[KI[Fl{&(@)} = {P(@)} (6)
Multiplying by [#]" , equation (6) changes into:
- o’ [¢]' [M1[¢1{&(@)} +ialg]' [BII4liE(@)} +[4] [KI[g1{E (@)} =[4] {P(@)}  (7)

If damping matrix is orthogonal, equation (7) can be written as:
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~@'m;§ (@) +iob (@) +k& (@) = py(@) )
where M; is j-order modal mass, bj is j-order modal damping, k i 1s j-order modal stiffness, p;is j-

order modal force. In equation (8), the response for j-order modal is

£ (@)= ——2

-o’m, +iwb, +k,

€))

Submitting equation (9) into equation (5), the response of system in physical coordinate can be

obtained. It is noted that the large mass is usually 10° ~ 10® times of mass of structure.

2.2. Acoustic excitation simulation
Usually, reverberation field can be simulated by diffused acoustic field. For diffused acoustic field,
spatial correlation effect is considered.

The import of diffused acoustic field is root-mean-square pressure spectrum in the frequency
band, which represents the surface pressure of plate and shell structures.

For low frequency, Finite Element (FE) method can be used to structural response analysis. For
{lrgddle frequency, Finite Element- Statistical Energy Analysis (FE-SEA) hybrid method can be used”"

3. Modelling method of complex structure in vibro-acoustic environment

The complex structure is consists of solar panel, radome, bearing cylinder, grid beam, equipments and
satellite adapter. There are many structural forms, including plate, shell and solid. In Figure 2, the red
region presents rigid connection between the bottom of satellite adapter and excitation point. The
restrained boundary condition is imposed on this point. Then a large mass is put on this point to
simulate shaker. The excitation force obtained from equation (3) is also imposed on this point to
simulate shaker import. The reverberation field is simulated by diffused acoustic field, respectively
applied on FE face and SEA subsystem. During calculation, the acoustic load is transformed into
power”.. For middle frequency (31.5-2000Hz), the model is constructed by FE-SEA hybrid method.
By modal density and vibration transmission analysis, the modal density of solar panel and radome is
larger than 3, so they are modelled by SEA method, and others are modelled by FE method. There are
10 FE subsystems and 3 SEA subsystems, where FE and SEA structure model is 2D and acoustic
model is 3D.The virtual sensors are put on measure points to obtain simulated vibration response of
structure. The model of the complex structure is shown in Figure 2.

Figure 2. FE-SEA hybrid model of complex structure in vibro-acoustic
: environment. :

4. Vibro-acoustic test of complex structure

To validate the prediction method of complex structure in vibro-acoustic environment, the test is
carried out and the vibration response of each measure point is obtained. The test system is consists of
reverberation room, shaker, control and measure equipments (as shown in Figure 3-Figure 5).There
are 3 and 6 measurement points on the solar panel and radome respectively. For the solar panel and
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radome are modelled by SEA method, the response is obtained by averaging the measurement results
of all point on the same subsystem.

Figure 5. Control and measure equipments of vibro-acoustic test.

The V1brat10n condition is shown in Figure 6, and the acoustic condition is shown in Figure 7.
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: Figure 6. Vibration condition of vibro- : : Figure 7. Acoustic condition of vibro- :
. acoustic test. . I acoustic test.
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5. Vibro-acoustic response analysis of complex structure
The response of the structure in 1/30ct frequency band is simulated for the model in Figure 2. The

simulated results are compared with test ones, shown in Figure 8.
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Figure 8. Comparison of simulated results and test ones.




MOVIC2016 & RASD2016 IOP Publishing
Journal of Physics: Conference Series 744 (2016) 012238 doi:10.1088/1742-6596/744/1/012238

Table 1. Error between simulated results and test ones.

Measuring Simulation(RMS) Test(RMS) error
points

1 15.93¢ 19.07¢g -1.2dB
2 21.32¢g 23.02¢g -0.7dB
3 26.17g 21.25g 1.8 dB
4 17.76g 22.01g -1.9dB
5 17.13¢g 12.50g 2.7dB
6 7.14¢g 7.12g 0.02 dB
7 7.13g 6.35¢g 1.0dB
8 19.17¢g 20.08¢g -0.4 dB

Figure 8 and Table 1 show that the simulated results are well agreed with the test ones. The peaks of
the response are captured. The differences between simulated results and test ones are within 3 dB.
The prediction precision of FE-SEA hybrid method in vibro-acoustic environment of complex
structure is validated.

6. Conclusions

In this paper, application of FE-SEA hybrid method in vibro-acoustic environment prediction of
complex structure is studied. The simulation methods of random excitation and acoustic excitation are
given. By modal density and vibration transmission analysis, the model of the complex structure is
constructed. Structural response is predicted after reasonable loading and modelling. The prediction
precision of FE-SEA hybrid method in vibro-acoustic environment of complex structure is validated
through test. The peaks of the response are captured. The differences between simulated results and
test ones are within 3 dB.
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