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Abstract. In this paper, we consider the procedure for constructing stochastic models (based on
processing of experimental data). These models allow to assess the propagation of high-intensity
shock effects on the performance of unpressurized spacecrafts. The developed models are
recommended for simulation of the load and the model of the system under study. Show the
histograms of the distribution of total values of the impact reduction coefficient for typical
structural joints, trusses, and shock isolators. The developed method allows to obtain an acceptable
estimate of the propagation of high-intensity shock effects in the SC design.

1. Introduction
The sources causing impact of high intensity on the spacecraft (SC) are pyrotechnic devices of the launch
vehicle (LV) and of the spacecraft: pyrolocks mounting SC to LV, solar panels locks, fixations of
reflectors, etc [1-3]. It should be noted that modern SC are usually produced in the unpressurized
performance. Various materials are used in the design of such SCs: metals (aluminum, steel, titanium),
composite materials, cellular panels, etc. The device housings are mainly made of aluminum and
magnesium alloys. As a result, it becomes quite difficult to develop a correct model of damping properties
of structures, especially in high-intensity shock effects, when the range of interest to the developer is tens
of kHz, and the damping in different frequency ranges may differ significantly. In this case, it is necessary
to take into account the structural damping, damping properties of the materials as well as significant
differences in the acoustic impedances of structural elements that are affected by the impact.

The results of the analysis of the spreading shock impacts on shell-and-rod structures (SC structures of
unpressurized performance) are discussed in [4-6].

2. Processing of experimental results

In compliance with the results of the experimental work, the structural loading of unpressurised SCs was
studied under the propagation of high-intensity shock effects. Both the spacecrafts’ own pyrotechnic
devices and special ones that create the necessary shock spectrum of accelerations were the sources of
shock during such operations [7,8]. The impact was detected by single-axis accelerometers AR1017,
AR1031 (mounted on a thread) in the zone where the impact source was located (0+700mm) and three-
axis accelerometers AR1020 at other control points. This made it possible to register accelerations in the
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frequency range up to 20 kHz in the amplitude range up to 30000 g in the zone where the shock source is
located, and in the frequency range up to 10 kHz in the amplitude range up to 10000g at other control
points. While processing the measurement results, the instantaneous acceleration values and shock
acceleration spectra were obtained. After that the maximum and minimum values were calculated for each
loading case at different registration points. Moreover, the coefficients of the relationship between the
impact point and the registration points were obtained as well as damping coefficients for the structure.
Then, using regression analysis methods, a model was built that takes into account over of time and
location on the analyzed structures.

As it is known, the shock loads of the explosive type are best described by the exponential function [9].
Therefore, for further analysis, we will use the equation describing the change in the impact (in the form
of the impact acceleration spectrum) depending on the distance to the point source of impact [6]:

(2,4—0.105)

SRS(D,) = SRS(Q)GXP{[—&le n ](Dz —1?1)}» (1)

where SRS(D,) is the amplitude of the shock spectrum of accelerations at the frequency f, at a point at a
distance D, from the impact source; SRS(D,) is the amplitude of the shock spectrum of accelerations at
the frequency f, at a point at a distance D, from the impact source; D; is the distance from the impact
source; D, is the distance to the point where the SRS is needed; f, is the frequency at which the SRS is
obtained.

The designs of various SC differ by rigidity, damping value, the method of attaching onboard
equipment, etc. In addition, equation (1) gives an estimate with acceptable accuracy at the design stage
(£3dB) only when the impact propagates over homogeneous structures (rods, plates, cylindrical shells,
etc.). This equation adequately describes the propagation of impact on hermetic spacecrafts, for example,
GLONASS — M.

The presence of special trusses in the SC for installing equipment, various types of joints in the power
structure, and shock isolators also leads to a rapid change in the acoustic impedance of the system at these
points and, accordingly, the shock spectrum of acceleration. It is obvious that the propagation of shock
effects on the design of the SC can not be described by an equation that does not take into account such
features.

Let us consider one of the possible modifications of equation (1). This equation includes components
that lead to a rapid change in acceleration (the joint of structural elements, shock isolators, and special
structures). Since the shock spectrum of accelerations is linear in relation to scalar multiplication, i.e. the
shock spectrum of a signal multiplied by a scalar o is equal to o multiplied by the shock spectrum of this
signal [10]. In other words, equation (1) can be written as follows:

k,l,m

SRS,(D,)=SRS@,)| [ [(&*-B" %™ exp{[—a-ﬁ(”‘f"g)}(D,.z—D,.l)}, (2)

where SRS; (Dp) is the amplitude of the shock spectrum of acceleration at frequency f, at point i in the
distance D;; from the source of impact; D;; is the distance from the source of impact to point i; D, is the
distance to point i, which is necessary to obtain SRS;, f, is the frequency; «; is the coefficient reducing the
impact of the joint design, & is the number of joints to point i; f; is the coefficient of reduction of impact
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by truss i, / is the number of farms to point Z; y; is the coefficient of reduction of impact shock isolator, m
is the number of shock isolators to point i; J, {, u are coefficients that determine the attenuation of the
impact when the impact propagates through the structure.

Figures 1-3 show the histograms of the distribution of total values of the impact reduction coefficient
for typical structural joints, trusses, and shock isolators. As it can be seen from the figures, the coefficient
o; varies in the range (1.5+2.1), f; is in the range (2.3+3.2), and y; is in the range (5+35).
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The coefficients o, ¢, and x in formula (2) greatly depend on the design type and should be set in
accordance with the results of processing the experimental data for the each class of SC. For example, for
an unpressurized Glonass-K spacecraft, powered by cellular panels, they are as follows: 0 = 6.62-10*, u =
2.1 and ¢ = 0.1. That is, the damping properties of the power structure of an unpressurized SC have
significantly decreased relative to a hermetic SC of any close mass. It should be also noted that the
coefficients a;, £, and y; can be represented both as constants and as amplitude — frequency functions.

To estimate the change in the amplitude of shock acceleration over time, we will use the function
proposed in [9] to describe the propagation of seismic waves:

a()=A4,e ' pO)n (), (3)
where 4, and ¢ are constants, ¢(?) is a random function, and #(?) is a Heaviside function.

3. Evaluation of impact loads

For the analysis of the loading of the device as part of a SC under impact from a pyrotechnic (point)

source, it is necessary to evaluate the changes in the impact on the device from time. This can be done

using a formula similar to formula (3). As a result, we got an estimate of the loading of the SC structure at

the place of installation of the device in the form of a shock acceleration spectrum that changes over time.
Let us consider the following formula (4):

S, = [Sy¢ ™ sin(@t, +6)+ ¢ sin(vi) +Sye  sin(er) | n@) +y @), (4

where Sy; is the maximum value of the acceleration amplitude at the trigger point of the pyrotechnic
device in the frequency range 30+500 Hz ; w is a narrow-band random frequency function, varying in the
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range of 30+500 Hz; € is a random constant in the range from 0 to 7/2; S, is the maximum value of the
acceleration amplitude at the trigger point of the pyrotechnic device in the frequency range of 0.5+5 kHz;
v is a high-frequency broadband random frequency function varying in the frequency range 0.5+5 kHz;
Sos is the maximum value of the acceleration amplitude at the trigger point of the pyrotechnic device in the
frequency range of 5+10 kHz; { is a high-frequency broadband random frequency function varying in the
frequency range of 5+10 kHz; #(t,) is the Heaviside function; (%) is the normal stochastic noise; ¢; is time
in milliseconds.

Equation (4) was taken as a regression equation when processing the results of measurements on 21
SC. At each point of the structure for which experimental data are available, the acceleration dependence
on time was calculated. Then, using formula (4) and regression analysis methods, a model was built for
the change in acceleration from time to time at each control point. When analyzing accelerations, time
dependencies were divided into three frequency sections: 30+500 Hz, 0.5+5 kHz, and 5+10 kHz. The
vibration effect was represented by the sum of a low-frequency vibration and two high-frequency
components in the form of a combination of exponential and harmonic functions. The splitting was
performed using a 5 - order Butterworth filter. The mathematical model of such a filter is closest to the
real filters used in the measurements. Then the maximum and minimum values of the studied parameter
were allocated for each term in formula (4). The stochastic noise level was assumed to be approximately
equal to the noise level of the measuring equipment. This allowed us to obtain fairly simple dependences
of the attenuation of the acceleration amplitude over time.

For the Glonass-K SC (when the solar cell locks are activated), the following coefficient values were
obtained in formula (4): @ = 0.5+0.6; b = 0.8+0.9; ¢ = 0.9+1; Sg; = 600 g; S¢, = 5000 g; S¢3 =3000 g; w(t,)
is the normal stochastic noise with the variance of 2.5% of the total process variance.

In equation (4), the transition from the shock amplitude S to the shock acceleration spectra SRS for
equation (2) is not of considerable complexity and can be obtained by using any known algorithm, for
example, [13].

Since the use of finite element modeling technology is ineffective at the stages of preliminary design
(there are no real data on the design of the SC), we will use simulation technology to assess the loading of
equipment located at various points in the structure [14]. Equation (2) is taken as the model of the system
under study, and equation (4) is taken as the load. The load is set as a shock acceleration spectrum.

In general, the models of the load and the system under study consist of 14 random parameters that are
taken into account when determining the SC loading. The calculation program was written in Excel.

When simulating the propagation of impact on the Glonass-K SC (operation on solar batteries) at the
installation site of one of the devices at a distance of ~350mm from the lock, the maximum impact
spectrum of accelerations in the range from 4200g to 6100g at frequencies from 3 kHz to 5 kHz was
obtained. During the tests on this device, the shock level of 4700g was registered for the shock spectrum
of accelerations. On the device installed on the truss, and located at a distance of ~750mm from the lock
and after 2 joints, the calculated values did not exceed 200g, and the experimental 100g in the frequency
range of 300+500 Hz. The recommended safety margin for the shock acceleration spectrum is 2 (6 dB),
for example, [15]. With this in mind, there is a good agreement between the calculated and experimental
data.

So, the developed method allows to obtain an acceptable estimate of the propagation of high-intensity
shocks in the SC.
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