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Abstract: The initiating explosive shock environment of an aerospace mission has the characteristics
of instantaneity, high amplitude and a wide frequency domain. An improved method based on
the acceleration frequency response function (FRF) and virtual mode synthesis method (VMSS) is
proposed to predict the pyroshock response of a spacecraft structure in a wide frequency domain.
Firstly, the statistical energy analysis (SEA) model of the spacecraft structure was established, and
the FRF and modal density of the model were obtained. Then, the paper explains how, due to the
small number of modes in the low-frequency band, the calculation results of the SEA method in the
low-frequency band were not accurate enough. The FRF of the SEA model in the low-frequency
band was modified by an FRF test of the structure. Finally, the shock response spectrum (SRS) was
obtained based on the VMSS and the modified FRF. A shock experiment on the spacecraft structure
was conducted by using the shock experiment system, which is based on a light-gas gun. The accurate
shock force function and acceleration response results were obtained. The numerical results based on
the improved method are in line with those in the experiment. This verifies that the novel method
can better grasp the response characteristics of the structure in the broadband domain. The novel
method effectively improves the response prediction accuracy of the SEA model in the relatively low-
frequency band. While ensuring the computational efficiency, more accurate shock response results
in a wide frequency domain were obtained. The novel method presented in this paper provides
support of numerical analysis for pyroshock response prediction of spacecraft structure in a wide
frequency domain.

Keywords: pyroshock response prediction; spacecraft structure; frequency response function; virtual
mode synthesis and simulation; shock response spectrum

1. Introduction

A pyrotechnic separation device is commonly used in the launch, on-orbit and return
of spacecrafts. This device is used to realize the separation function of spacecrafts and
rockets, return cabins and propulsion cabins. The pyrotechnic separation device can
effectively ensure the stiffness of the connection structure before separation and has many
advantages such as high efficiency and high reliability. The separation initiating process
will cause a certain mechanical shock environment [1–3]. The shock environment has three
characteristics. First, the shock signal generally lasts for a short time and attenuates to
zero within 20 ms; second, the acceleration response magnitude of the structure exceeds
10,000 g; and third, the response frequency is high, and the energy is distributed in a
wide frequency range [4,5]. The shock environment may cause damage to or the failure
of spacecraft systems (especially electronic equipment and precision components), and
the normal working state of the spacecraft may be damaged. It is necessary to solve the
problems caused by pyrotechnic shock through analyzing the response characteristics of
structures under the shock environment. In addition, it is very important to predict the
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shock response of spacecraft structures in wide frequency domain to increase the reliability
of space missions.

At present, the prediction methods of pyrotechnic explosive shock response mainly
include experimental methods such as the empirical model method and data extrapolation
method and numerical methods such as explicit dynamics, transient statistical energy
analysis (TSEA) and VMSS.

Most of the test methods rely on a large number of test data accumulated by space
missions. According to the analysis on the test data, the magnitude of the shock load and
the characteristics of the response of the structure are calculated. The empirical model
method [6] can quickly and roughly estimate the SRS of a spacecraft structure according
to the type of initiating explosive shock source, the distance of shock transmission and
the number of connecting interfaces. The relationship among SRS, shock attenuation and
distance of similar shock sources can be found from the existing database. The shock
response of a new spacecraft structure can be extrapolated from the measured response
of a reference spacecraft. Some scholars use this method for spacecraft design and shock
environment prediction [7,8]. The structural path extrapolation method [9] decomposes
and classifies the overall satellite structure according to specific rules and determines the
transmission path. For any point on the satellite structure, there is a definite transmission
path. The substructure path extrapolation method was jointly proposed by the aerospace
industries and research institutes in France and other countries and implemented on the
SPOT5 satellite platform. Due to the high dependence on test data, the application of the
test method has great limitations. As a relatively mature numerical method, the dynamic
finite element method is an effective tool to solve low-frequency vibration. Perez et al. [10]
used four dynamic finite element methods to carry out modeling, analysis and calculation
of suprathermal electrons and protons within the equipment of a spacecraft. Compared
with the shock experiment results, the advantages and disadvantages of the four dynamic
finite element methods were summarized. CNES of France organized a study on the
numerical simulation method of shock wave transmission characteristics of the whole
satellite [11]. Ullio et al. [12] used the sinusoidal transfer method of the finite element
method to model and analyze the integral system. Limited by the finite element model, they
only calculated the response in the frequency band of 100–2000 Hz and compared it with
the experimental results. When the finite element method was used to calculate the high-
frequency response, the mesh of the model was required to be fine enough, which greatly
increased the computational burden and time cost. These shortcomings of the dynamic
finite element method limit its application in the field of satellite shock environment
prediction. Sun [13] and Fahy [14] used the modified SEA method to predict the vibration
varying with time, marking the application of SEA in the transient field. Pinnington and
Lednik [15] used the TSEA method to numerically solve the two-degrees-of-freedom dual-
oscillator system. They compared the response of the internal energy transfer rate, response
peak time, response peak and final attenuation rate with the exact solution. It was found
that the calculation results of the two methods were basically consistent, which verifies the
effectiveness of the TSEA method. Robinson and Hopkins [16,17] studied the theoretical
prediction method of the response of the structure under transient excitation based on the
TSEA method and verified it by experiments. Dalton et al. [18] first proposed the VMSS
method and clarified the principle and basic formula of VMSS. This method introduced
the principle of the high-frequency SEA method into the classical modal analysis format.
More detailed contents can be found in references [19–22]. The VMSS method can not
only predict the time-domain response of the structure but also obtain the shock response
spectrum of the structure. Cao et al. [23] predicted the shock responses of space optic
remote sensors by using VMSS and SEA method. Lee et al. [24] used VMSS method to
predict the shock response during the separation of a Leo earth observation satellite from
the launch vehicle. The predictions of different analysis models were compared with the
experimental data, and prediction by simple model was more accurate. In addition, there
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are numerical analysis methods such as the hydrocodes method [25], phase information
reconstruction method [26] and hybrid method [27,28].

In summary, the traditional methods have limitations in predicting the response of
structures under shock loads. For instance, the VMSS ignores the low-mode structure,
and the TSEA and phase information reconstruction methods cannot deal with complex
structures. The calculation accuracy is also difficult to guarantee. There is an upper fre-
quency limit in the dynamic analysis method, beyond which the accuracy of the calculation
results in the high-frequency band is difficult to guarantee. The SEA method is not accurate
enough in the low-frequency band. The effectiveness of the traditional empirical model
method and data extrapolation method is affected by empirical database, model struc-
ture and experimental means. In engineering practice, the effective pyroshock response
prediction method of spacecraft structures in a wide frequency domain is lacking. The
accuracy of an SEA model that describes structural characteristics is determined by the
modal density and frequency response characteristics of each system of this structure. The
prediction of structural frequency response based on the SEA model is generally applicable
in the high-frequency band, and the accuracy decreases in the low-frequency band. The
key point of the shock response prediction method based on the VMSS and SEA models
is the accurate FRF of its structure. Considering this background, this paper studies the
pyroshock response prediction method of spacecraft structures in a wide frequency domain
through experimental and theoretical methods.

In this paper, an improved method based on acceleration FRF and VMSS is proposed,
from which the theory of the SEA method and VMSS method is derived. The calculation
process of the new method is introduced. Firstly, the SEA model of a spacecraft structure is
established, and the FRF and modal density of the model were obtained. Then, the paper
describes how, due to the small number of modes in the low-frequency band, the calculation
results of the SEA method in the low-frequency band were not accurate enough. The FRF of
SEA model in the low-frequency band is modified by the FRF test of the structure. Finally,
the SRS was obtained based on the VMSS and the modified FRF. A shock experiment of
the spacecraft structure was conducted, and numerical example analysis were carried out.
The novel method presented in this paper can better grasp the response characteristics of
the structure in the broadband domain and effectively improves the response prediction
accuracy of the SEA model in the relatively low-frequency band. It provides the support of
numerical analysis for pyroshock response prediction of the spacecraft structure in a wide
frequency domain.

2. Derivation of the Basic Theory

This section introduces the research ideas of pyroshock response prediction of a
spacecraft structure. The statistical energy analysis method and virtual mode synthesis
theory are derived to solve this problem. The calculation flow of the prediction method
proposed in this chapter is shown in Figure 1.

Firstly, the SEA model of a spacecraft structure was established based on the statistical
energy analysis theory, and the FRF and modal density of the model were obtained. Then,
the paper discusses how, due to the small number of modes in the low-frequency band, the
calculation results of the SEA method in the low-frequency band are not accurate enough.
The FRF of the SEA model in low-frequency band was modified by the FRF test of the
structure. Finally, combined with the shock force function measured in the test, the SRS
was obtained based on the VMSS and the modified FRF. The experimental verification and
result analysis were carried out.

According to the idea of the SEA, the complex structural coupling dynamic system is
decomposed into several coupled subsystems. The SEA model and the power flow balance
equation between subsystems were established. Power flows out of a subsystem through
dissipation or by transmission to another subsystem, and power flows into a subsystem
either by transmission from another subsystem or from an external source of excitation.
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According to the concentrated force load, the input power can be calculated. Taking
point source input as an example, input power can be expressed as:

Pin =
1
2
|F(ω)|2 1

ZR(ω)
(1)

where F(ω) is the force load in the frequency band, and ZR(ω) symbolizes the input
impedance of an excited system.

When it is a steady state excitation, the power flow balance equation of the subsystem i is:

Piin = Pid +
N

∑
j = 1
j 6= i

Pij, (i = 1, 2, 3, · · · , N) (2)

where Piin is the external power of a subsystem i, Pid is the power loss of the subsystem
i, Pij is the power of subsystem i flow to subsystem j. When the subsystem is consistent
with the basic assumption of statistical energy that the excitation is unrelated and the weak
coupling is conservative, the power flow equilibrium equation of the spacecraft structure
composed of N subsystems is expressed as:

ω[A]


E1/n1
E2/n2

. . .
EN/nN

 =


P1in
P2in
. . .

PNin

 (3)
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where ω is the central frequency of the frequency band; ni is the modal density of the
subsystem i; Ei is the vibrational energy of the subsystem i; and Pi is the input power of the
external subsystem to the subsystem i. The [A] is the damping matrix.

[A] =



(
η1 +

k
∑

i 6=1
η1i

)
n1 (−η12η1)

(−η21η2)

(
η1 +

k
∑

i 6=2
η2i

)
n2

· · · (−η1Nη1)
· · · (−η2Nη2)

· · · · · ·
(−ηN1ηN) · · ·

· · · · · ·

· · ·
(

η1 +
k
∑

i 6=N
ηNi

)
nN


(4)

where ηi is the damping loss factor; ηij is the coupling loss factor from subsystem i to
subsystem j. The average energy of each system in the frequency band can be obtained by
solving the above equations.

The control equation of discrete multi-degree-of-freedom system under external load
can be written as:

M
..
q(t) + C

.
q(t) + Kq(t) = F(t) (5)

where M is the mass matrix, C is the damping matrix, and K is the stiffness matrix. q(t) is
the displacement vector, and F(t) is the external force vector.

The decoupled expression of the above equation can be obtained as:

M̃
..
ξ(t) + C̃

.
ξ(t) + K̃ξ(t) = ΦTF(t) (6)

where M̃ is the generalized mass matrix, C̃ is the generalized damping matrix, and K̃ is the
generalized stiffness matrix, ξ(t) = {ξ1(t) ξ2(t) · · · ξnm(t)}

T are the modal vectors, nm is
the truncation number, and Φ is the mode shape coefficient matrix.

The dynamic equation of the system at each degree of freedom can be expressed as:

mm
..
ξm + dm

.
ξm + kmξm =

nq

∑
y=1

ϕymFy(t) m = 1, . . . nm (7)

where mm, dm, and km are the diagonal terms of the generalized mass, damping, and
stiffness matrices of Equation (6); nq is the vector dimension of q(t);

Taking the Fourier transform on the two sides of the equation above and the zero
initial conditions (ξ(0) =

..
ξ(0) = 0) are assumed, the expression can be written as:

(
−mmΩ2 + xΩdm + km

)
ξm(xΩ) =

nm

∑
m=1

ϕymFy(t) (8)

The displacement FRF can be written as:

Hxy(xΩ) =
qx(xΩ)

(xΩ)

∣∣∣∣
Fk=0,k 6=y

=
nm

∑
m=1

ϕxm ϕym(
ω2

m −Ω2
)
+ 2ζmωmΩx

(9)

where Hxy(xΩ) is the FRF of the xth-degree-of-freedom qx(t) displacement response caused
by the external yth load force Fy(t). qx(xΩ) is the displacement response for xth degree of
freedom. Fy(xΩ) is the exciting force at yth degree of freedom in the frequency domain.
ωm =

√
km/mm is the circular frequency of xth mode. ζm = dm/2

√
kmmm is the critical

damping ratio of mth mode.
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With the steady-state condition, the relationship between the acceleration response
and the displacement response of the system is expressed as:

ax(xΩ) =
..
q(xΩ) = −Ω2q(xΩ) (10)

On this basis, the acceleration FRF can be approximately expressed as:∣∣∣H′xy(Ω)
∣∣∣ = ∣∣∣∣ ax(xΩ)

Fy(yΩ)

∣∣∣∣ = nm

∑
m=1

ϕxm ϕym[(
1− ω2

m
Ω2

)2
+
(
2ζm

ωm
Ω
)2
]1/2 (11)

The above formula can be expressed as two vector multiplications,∣∣∣H′xy(xΩ)
∣∣∣ = {Λ}T{Φ}xy (12)

where

{Λ} =


[(

1− ω2
1

Ω2

)2
+
(
2ξ1

ω1
Ω
)2
]−1/2

,

[(
1− ω2

2
Ω2

)2

+
(
2ξ2

ω2
Ω
)2
]−1/2

, · · · ,

[(
1− ω2

nm
Ω2

)2

+
(
2ξnm

ωnm
Ω
)2
]−1/2}T

,

{Φ}xy =
{
ϕx1ϕy1,ϕx2ϕy2, · · · ,ϕxnmϕynm

}T

where {Φ}xy is the virtual modal vector, that is, the synthetic FRF.
A column vector {|H′(Ω)|} can now be formed by evaluating Equation (12) at selected

discrete frequencies Ωx, resulting in the following equation{∣∣H′∣∣}xy = ΛT{Φ}xy (13)

where Λ = [{Λ(Ω1)}| {Λ(Ω2)}| · · · {Λ(Ωk)}].
By selecting the evaluation frequencies to be the same as the virtual mode frequencies

considered over the frequency range (k = nm), the following equation was obtained.

{Φ}xy =
(

ΛT
)−1{∣∣H′∣∣}xy (14)

According to Equation (6), the acceleration FRF envelop {|H′|}xy can be obtained. The
FRF of the SEA model was modified by the FRF test.

Finally, the acceleration response is expressed as:

ax(xΩ) =
nq

∑
y=1

nm

∑
m=1

ϕxm ϕymFy(xΩ)(
1− ω2

m
Ω2

)
− 2ζm

ωm
Ω x

(15)

Acceleration response results were obtained according to Equation (15). After ob-
taining the acceleration response in frequency domain, the result of the time domain
can be easily computed by applying inverse Fourier transform to the frequency result.
Additionally, the SRS of acceleration can also be obtained with the corresponding codes.

3. Shock Experiment and Simulation Study of Spacecraft Structure

In this section, a shock experiment on a typical structure is carried out. The shock force
load and the structure’s acceleration shock response were obtained through experiment.
The SEA model of a coupled-plate structure was established. The FRF of the SEA model was
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modified by the FRF test results of the coupled-plate structure. The structure’s acceleration
SRS was obtained based on VMSS method. Combined with the experimental results, the
numerical results are analyzed and discussed.

3.1. Shock Experiment

This paper designed a high-efficiency shock experiment system based on a light-
gas gun device. The shock experiment on typical structures was carried out using this
experiment system. The purpose of the shock experiment mainly includes three aspects.
First, the shock force signal of the loading system acting on the structure could be obtained.
It was the input signal of numerical analysis. Second, according to the characteristics of the
tested structure, the SEA model was established. Third, the acceleration response results of
the structure was obtained. It was used to verify the results of numerical analysis

A typical coupling plate structure of a spacecraft is composed of two identical alu-
minum honeycomb sandwich plates. The size of the honeycomb sandwich panel is
100 cm × 120 cm, 3 cm thick. Figure 2 shows the shock experiment state of the coupling
plate structure. The tested structure is hung up. The loading device generating shock force
is a light air gun. The shock force sensor and vibrating rod were installed at the shock
position of the structure. The bullet was fired from the air gun and shocked the resonance
rod. The shock load can be adjusted by changing the pressure value of the air gun. Various
types of bullets and vibrating rods were designed. The waveform of the shock signal can
be adjusted by selecting the bullet and the vibrating rod. As shown in Figure 3, the shock
force signal was measured by the shock force sensor. The measuring range of the force
sensor is 80,000 N. This signal was the input force function of numerical calculations.
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Figure 3. Shock loading device and measurement method of force signal.

According to the principle of random distribution, acceleration sensors were arranged
on the loading board and response board, and five acceleration sensors were arranged on
each board. The acceleration response of each part of the structure was obtained by using
the data acquisition system. The measuring range of the acceleration sensor is 20,000 Hz
and 50,000 g. Through the signal acquisition system, the acceleration response of each
position of the structure was collected. The test data acquisition and analysis system and
test control system are shown in Figure 4. The device was used to analyze and process
the measurement results. Based on the measurement and control system, the results were
collected, analyzed and processed. The sampling frequency of the acquisition and analysis
system was 106 Hz. The charge amplifier was used to amplify and convert the shock force
signal. The time domain signal was obtained from the test, and the acceleration SRS of the
structure was obtained according to the shock response spectrum theory. There were several
groups of test results on the loading plate and the response plate. The spatial average
acceleration SRS of the structure was obtained by averaging the experimental results. The
shock experiment results can be used as a reference value for numerical analysis.
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The shock force function measured by the force sensor is shown in Figure 5. It can
be seen that the signal has the characteristics of high frequency and high order, and the
maximum value reached 32,000 N. In order to further analyze the characteristics of the
signal, the time–frequency analysis of a typical shock load signal was carried out based
on the discrete short-time Fourier transform method. The time–frequency analysis results
are shown in Figure 6. The signal energy was mainly concentrated between 1 ms and
3 ms, and the energy was distributed in the whole broadband. The explosion shock signal
has the characteristics of a short duration and rapid mutation. The shock signal had an
obvious peak value and high frequency. The characteristics of the shock signal obtained
from the test are consistent with those of the explosion shock signal. Further, the amplitude
frequency value of the signal was obtained by Fourier transform.
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3.2. SEA Model and FRF

According to the structural form in Figure 2, the SEA model of the typical coupling
plate structure was established, as shown in Figure 7. In the process of modeling, the
structural form of the coupling plate was simplified and equivalent. The connection
structure of the two plates was characterized by SEA parameters. After the SEA model
was established, the modal density of the subsystem in each frequency band was detected
based on VA One intermediate-frequency band modal number analysis. The parameters of
the SEA model were modified through the parameter test results. When the structure of
spacecraft is complex, subsystems can be divided according to the principle of SEA and the
characteristics of modal array. Generally, the plate and shell subsystem and beam subsystem
of SEA model are established. If a complex instrument is arranged on the structure,
the instrument and its plate and shell can be established as a substructure system. The
instrument is characterized in the SEA model in the form of counterweight. The FRF of the
whole substructure in a low-frequency band was measured by experiment. By establishing
its SEA subsystem, the FRF of medium- and high-frequency bands was obtained.
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The unit force load was loaded on the SEA model, and the acceleration frequency
response was obtained based on the statistical energy analysis theory. The accelerated
FRF calculated based on the SEA model is shown in Figure 8. The response result of the
loading plate was significantly greater than that of the response plate. This is because
the energy is reduced when the shock energy is transferred from the loading plate to the
response plate through the connecting beam. This phenomenon is consistent with empirical
analysis. In addition, it can be seen that under the unit steady-state load, the response
value of the loading plate increased gradually with the increase in frequency. Compared
with the loading plate, the frequency response of the response plate increases less with
the increase in frequency. This phenomenon is related to the variation of the statistical
energy parameters of the structure with frequency. According to the bandwidth averaging
algorithm and Equation (14), the virtual mode synthesis of the structure was carried out.
The synthesized FRF is shown in Figure 9.



Aerospace 2022, 9, 54 11 of 17

Aerospace 2022, 9, x FOR PEER REVIEW 10 of 17 
 

 

the instrument and its plate and shell can be established as a substructure system. The 
instrument is characterized in the SEA model in the form of counterweight. The FRF of 
the whole substructure in a low-frequency band was measured by experiment. By estab-
lishing its SEA subsystem, the FRF of medium- and high-frequency bands was obtained. 

 
Figure 7. SEA model of coupled-plate structure. 

The unit force load was loaded on the SEA model, and the acceleration frequency 
response was obtained based on the statistical energy analysis theory. The accelerated FRF 
calculated based on the SEA model is shown in Figure 8. The response result of the loading 
plate was significantly greater than that of the response plate. This is because the energy 
is reduced when the shock energy is transferred from the loading plate to the response 
plate through the connecting beam. This phenomenon is consistent with empirical analy-
sis. In addition, it can be seen that under the unit steady-state load, the response value of 
the loading plate increased gradually with the increase in frequency. Compared with the 
loading plate, the frequency response of the response plate increases less with the increase 
in frequency. This phenomenon is related to the variation of the statistical energy param-
eters of the structure with frequency. According to the bandwidth averaging algorithm 
and Equation (14), the virtual mode synthesis of the structure was carried out. The syn-
thesized FRF is shown in Figure 9. 

 
Figure 8. The FRF based on SEA model. Figure 8. The FRF based on SEA model.

Aerospace 2022, 9, x FOR PEER REVIEW 11 of 17 
 

 

 
Figure 9. Synthetic FRF based on VMSS. 

3.3. FRF Test and FRF Correction 
We designed an FRF experiment of the typical structure. The test process and test 

platform are shown in Figure 10. The structure was suspended in a free state with elastic 
rope. The vibration signal was generated by DH-1301 frequency sweep signal generator. 
The signal was sent to the vibration exciter. The vibration exciter was used to generate 
force load, and it caused the vibration of the test piece. Force sensors were installed be-
tween the vibration exciter and the structure, and acceleration sensors were randomly ar-
ranged on the structure. The sensor signal was measured by the dynamic data acquisition 
system. The force sensor measured the force signal acting on the structure. The accelera-
tion sensor measured the acceleration response of the structure. Several groups of test 
results were obtained by changing the position and frequency of the exciter. The structural 
FRF was obtained according to the test principle of FRF. The FRF of the structure is ex-
pressed as: 𝐻(𝑓) = 𝐺 (𝑓)𝐺 (𝑓)  (16)

where 𝐺 (𝑓) is the cross-spectral of the input load and response, and 𝐺 (𝑓) is the self-
spectral of the input load signal. Taking the statistical average of multiple groups of test 
results, the FRF of the coupling plate structure was obtained, as shown in Figure 11. 

  
(a) The Loading surface of coupling plate (b) The backside of the test state of the coupling plate 

Figure 10. The FRF test state of the coupling plate. 

Figure 9. Synthetic FRF based on VMSS.

3.3. FRF Test and FRF Correction

We designed an FRF experiment of the typical structure. The test process and test
platform are shown in Figure 10. The structure was suspended in a free state with elastic
rope. The vibration signal was generated by DH-1301 frequency sweep signal generator.
The signal was sent to the vibration exciter. The vibration exciter was used to generate force
load, and it caused the vibration of the test piece. Force sensors were installed between the
vibration exciter and the structure, and acceleration sensors were randomly arranged on
the structure. The sensor signal was measured by the dynamic data acquisition system.
The force sensor measured the force signal acting on the structure. The acceleration sensor
measured the acceleration response of the structure. Several groups of test results were
obtained by changing the position and frequency of the exciter. The structural FRF was
obtained according to the test principle of FRF. The FRF of the structure is expressed as:

H( f ) =
GO( f )
GI( f )

(16)
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where GO( f ) is the cross-spectral of the input load and response, and GI( f ) is the self-
spectral of the input load signal. Taking the statistical average of multiple groups of test
results, the FRF of the coupling plate structure was obtained, as shown in Figure 11.
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By analyzing SEA model, the modal number of the SEA model in each analysis
frequency band was obtained, as shown in Figure 12. The modal calculation process used
the analysis frequency band of 1/12 octave. It was found that below 500 Hz, the number of
modes in the analysis bandwidth was less than 5. At about 1000 Hz, the number of modes in
the analysis bandwidth reached 10. Considering the principle of modal number in the SEA
method, the FRF results of 50 Hz to 1000 Hz obtained from the test replace the FRF values
in the low-frequency band based on the SEA model. The purpose of modifying the low-
frequency FRF of the model was achieved, and an FRF curve more in line with the actual
state was obtained. According to the bandwidth averaging algorithm and Equation (14),
the modified FRF was used to synthesize the virtual mode of the structure. The synthesized
FRF before and after correction is shown in Figure 13.
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3.4. Acceleration Shock Response Results

Combined with the synthesized FRF curve and the amplitude frequency value of
the shock signal, the time-domain response results before and after FRF correction were
calculated based on the theoretical VMSS Equation (15). The SRS of typical spacecraft
structure before and after FRF correction was calculated according to the shock response
spectrum theory, and the results are shown in Figure 14. From the SRS curve before
correction, the two SRS curves of loading plate and response plate have similar trends
regarding the change of frequency. The acceleration value shows an upward trend from
100 Hz to 2500 Hz, reaching the inflection point and maximum at about 2500 Hz; it decreases
from 2500 Hz and gradually reaches a stable value. For the same frequency bandwidth,
the acceleration response of the loading plate is larger than that of the response plate.
This result is consistent with the physical law of shock force transmission in the structure.
The SRS of the loading plate and response plate after correction is higher than it was
before correction. Especially in the low-frequency band, the results show obvious changes.
However, in the high-frequency band, it is basically the same as it was before correction.
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3.5. Results and Discussion

Based on the FRF correction and VMSS, the SRS of the coupled-plate structure loading
plate and response plate was obtained in this paper. The SRS results of the loaded plate
obtained by numerical analysis and test are shown in Figure 15. The SRS results of the
response plate obtained by numerical analysis and test are shown in Figure 16. With the
change of frequency, the SRS curves of the loading plate and response plate have a similar
trend. The overall trend is upward, reaching the inflection point and maximum at about
2500 Hz. Under the same frequency band width, the value from the loading board to the
response board shows a downward trend. The test results accord with the physical law of
shock load transmission in the structure.
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The rationality and accuracy of the new method were analyzed by comparing the SRS
curves of numerical analysis and experiment. It can be seen from Figures 15 and 16 that
the numerical analysis results before FRF correction are in good agreement with the test
results in the high-frequency band. The maximum and inflection point of the two results
are very close. With the increase in frequency, the evolution trends of the two curves are
the same. In most frequency bands, the deviation between the calculated results and the
test results is within 6 dB. However, at some frequencies, especially in the lower frequency
band, the error of calculation results is large. The calculated results of the loaded plate are
closer to the test results than those of the response plate. This is because the shock load is
transmitted from the loading plate to the response plate through the connecting mechanism,
and the load passes through a more complex path. When the stress wave passes through
the connecting structure, the error increases. When the energy is transmitted from the
shock source to the response board, more subsystems pass through, leading to a greater
prediction error of the response plate. Compared with the numerical analysis results before
correction, the corrected numerical analysis results obviously correspond better to the test
values in the low-frequency band. The error between numerical analysis and experimental
results comes from the parameter error and measurement error of the SEA model.

In order to clearly illustrate the comparison between the numerical analysis results
and the experimental results, parameter E was introduced to characterize the error, which
is defined as follows:

E =
∑

fN
f= f0
|SRSc( f )− SRSe( f )|

∑
fN
f= f0

SRSe( f )
(17)

where SRSc( f ) and SRSe( f ) are the calculated SRS and the experimental SRS, respectively.
Obviously, the coefficient E is positive. The larger the coefficient E, the greater the error.
Based on Equation (17), the error values of the curves in Figures 15 and 16 were calculated.
In the frequency band of 100 Hz to 12,000 Hz, the parameter E of the loading plate and
response plate before correction was 0.3981 and 0.4428, respectively, and the parameter
E of the loading plate and response plate after correction was 0.3022 and 0.4190, respec-
tively. In the frequency band of 100 Hz to 1000 Hz, the parameter E of loading plate and
response plate before repair are 0.4906 and 0.4670, respectively, and the parameter E of
loading plate and response plate after correction was 0.2914 and 0.3267, respectively. The
corrected numerical analysis results obviously correspond better to the test values in the
low-frequency band.
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Using our method, the above calculation results can be obtained in only 3 min. The
traditional finite element method was used to analyze the response of the coupled-plate
structure. In order to ensure the calculation accuracy, the structure needs to be divided into
at least 90,000 units. It takes more than 24 h for a single computer to calculate 1000 time
steps. The new method greatly improves the calculation efficiency. At the same time, the
calculation accuracy of the whole frequency band is guaranteed.

The above analysis shows that the accuracy of the response prediction method of
structures based on VMSS was effectively improved by modifying the FRF. The structure
used in this example were the plate and shell structure of a real typical satellite. In the
process of deriving the theoretical calculation method, the input value was the pyroshock
signal. There were no special assumptions and restrictions on the structural form. Through
the comparison of numerical analysis and test results in this example, the applicability
and accuracy of the new method in predicting pyroshock response prediction of typical
plate and shell structures was verified and explained. Based on this method, the pyroshock
response characteristics of the structure in a wider frequency domain can be better reflected,
and a more accurate prediction result of shock response in a wider frequency domain can
be obtained. Compared with the traditional dynamic analysis method, this method also
greatly improves the calculation efficiency.

4. Conclusions

This study presents an improved method of predicting the pyroshock response of a
spacecraft structure in a wide frequency domain based on acceleration FRF and the VMSS
method. The SEA model of the spacecraft structure was established, and the FRF of the SEA
model in a low-frequency band was modified by an FRF test of the structure. The SRS was
obtained based on the VMSS and the modified FRF. Through experimental verification, the
following conclusions were drawn: the numerical results based on the new method are in
good agreement with the experimental results in full frequency domain. The novel method
presented in this paper can better grasp the response characteristics of the structure in the
broadband domain and effectively improves the response prediction accuracy of the SEA
model in the relatively low-frequency band. Our new method can predict the full-frequency
shock response more effectively and reasonably, and the computational efficiency is greatly
improved, compared with the traditional finite element method. It provides the support of
numerical analysis for the pyroshock response prediction of spacecraft structure in a wide
frequency domain.
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