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Abstract: This paper investigates the effect of a temperature shock on a small spacecraft with
symmetrically arranged flexible elements. A two-dimensional thermoelasticity problem is posed. The
disturbing effect of temperature shock on a small spacecraft has been determined. The assessment
of the main disturbing factors arising from the temperature shock of flexible elements of a small
spacecraft was carried out. Approximate dependences were obtained for the components of the
displacement vector of the flexible element points. Numerical simulation was carried out for the
symmetric scheme of the small spacecraft with two and four flexible elements. The dependence of
the inertia force on temperature shock for the simulated small spacecraft at various initial deflections
of the flexible element was constructed. Conclusions were drawn about the significance of the
temperature shock influence on the dynamics of a small spacecraft. The results obtained were
compared with the results of other studies and can be used in solving problems of remote sensing of
the Earth and the implementation of gravity-sensitive processes on board small spacecraft.
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1. Introduction

Small spacecraft are playing an increasingly important role in space missions [1-3].
Despite their small size, they are modern complex technical systems. However, it is
necessary to conduct additional research to use them effectively. This is primarily due to
the fact that the mass fraction of flexible elements in the total mass of the small spacecraft
is higher than that of other space technology [4,5]. This situation is explained by the
requirements for the electricity generated by solar panels, which is necessary for the
effective functioning of the target equipment of the small spacecraft [6,7]. Some small
spacecraft do not have flexible solar panels and are used in uncontrolled motion [7-10]. The
controlled motion of small spacecraft has a number of features due to the more significant
influence of flexible elements on this motion [11-13]. Therefore, in addition to the traditional
disturbances from solar panels associated with their natural oscillations, it is necessary to
take into account other factors [14-16]. One of these factors is the temperature shock [17-21].
Temperature shock occurs when the spacecraft enters the Earth’s shadow and exits it during
its orbital motion. According to the research carried out in [22], it has a significant effect
only on small spacecraft motion. Therefore, it is necessary to take it into account when
performing individual target tasks. Examples of such tasks are remote sensing of the Earth
from space [23-25] or implementation of gravity-sensitive technological processes on board
small spacecraft [26-28].

Thus, it is necessary to meet the orientation requirements for remote sensing of the
Earth [29-31]. These requirements are becoming increasingly high over time due to the
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increase in remote sensing resolution [32,33]. In many works, for example [34,35], the
authors indicate that temperature shock can violate the orientation requirements. This is
especially true of the requirements for the angular velocity of the small spacecraft rotation
at the time of remote sensing of the Earth [36,37].

An even more complicated situation arises when gravity-sensitive processes are im-
plemented on board the spacecraft. They impose high requirements on the level of micro-
accelerations in the working area of technological equipment [38—40]. Studies [41-43]
show that temperature shock can significantly violate these requirements. Therefore, for
the effective use of small spacecraft in the field of space technologies, it is necessary not
only to study and evaluate the temperature shock effect but also to develop algorithms to
neutralize this influence using the executive bodies of the orientation and motion control
system of the small spacecraft [44].

Considering the prospects for the development of space technology, then the use
of new types of solar panels, for example, ROSA [45-47], poses the problem of temper-
ature shock more widely than is done in this review. Experiments on the International
Space Station with ROSA solar panels have shown that the problem of small spacecraft
controllability becomes acute when using them. The use of ROSA panels is extremely
promising for small spacecraft due to the reduced weight of the structure when using them.
However, the controllability of the spacecraft is also significantly reduced due to thermal
fluctuations [19,23] caused by temperature shock.

Reference [44] presents an algorithm for linear and piecewise linear control of the
small spacecraft to neutralize temperature shock. Reference [22] presents an analysis of the
disturbing factors significant in temperature shock. Both of these works are devoted to the
research of a small spacecraft with one flexible element. An example of such a spacecraft
is Earth Observing One (EO-1) [48]. However, small spacecraft with an even number
of flexible elements are more common. For example, the Aist-2D small Earth remote
sensing spacecraft has two flexible elements in the form of solar panels [24,49]. Theoretical
studies [3] have shown that in the case of an even number of flexible elements, some of
the perturbations studied in [22] are mutually compensated. Therefore, the algorithms
presented in [44] cannot be effectively used for such small spacecraft. This paper aims to
study the disturbing effect of temperature shock on small spacecraft with a symmetrical
arrangement of flexible elements for the subsequent development of effective control
algorithms that neutralize temperature shock.

In other areas, the considered problem is also important. For example, the study of
parameters affecting the characteristics of sound transmission by a two-layer multilayer
magnetoelectroelastic plate with transverse layers based on a viscoelastic medium under
high-temperature conditions [50] shows the importance of the problem being solved. Thus,
the results of the work can be applied in other areas.

This paper has the following structure: the thermoelasticity problem is considered,
within which approximate analytical dependences are obtained. They differ from those
obtained earlier because they take into account various initial deflections of the flexible
element. Then, the assessment of disturbing factors from temperature shock is carried out.
Unlike previous works, it also takes into account various forms of initial deflection of the
flexible element. Finally, numerical simulation is carried out for the schemes of two small
spacecraft. They have two and four flexible elements, respectively. Conclusions are drawn
about the effect of temperature shock on the dynamics of small spacecraft orbital motion.

2. The Problem of Thermoelasticity

The one-dimensional thermoelasticity problem is considered in [3,44]. It represents
the most dangerous scenario in terms of the intensity of the temperature shock impact
on the movement of the small spacecraft [51]. This is enough to assess the need to take
into account the temperature shock. However, for the development of a control algorithm,
where various scenarios should be provided, such a statement is not enough. Therefore,
in this paper, we use the two-dimensional formulation of the thermoelasticity problem



Symmetry 2023, 15, 1331

30f12

described in [25,34,52]. It is different from the one-dimensional one because the initial
deformed state of the solar panel at the time of the temperature shock is taken into account.
At the same time, the scenario for implementing the one-dimensional task is also included
in this approach as a special case. Figure 1 shows a scheme of the symmetrical small
spacecraft for the temperature shock studies. The dotted line in Figure 1 indicates the
deformed initial position of the flexible element. The solid line shows its undeformed flat
position.

U = 1, (X)

Figure 1. The considered small spacecraft scheme.

Let us assume that the initial deflections of both elastic elements coincide and all
simplifying assumptions for the symmetric formulation of the thermoelasticity problem
described in [3] are valid.

Mathematically, the two-dimensional thermoelasticity problem is represented by the
following system of equations [25,34,52]:

T (x,z, t PT(xz, t PT(xz, t .
(th):az( §;CZZ>+ S;CZZ ))!OSXSZ,OSZSh,t>O,

4 2 h 2
% 9 us}(;c, t) +pha ugg, H _ —ZWf{ZaT(gf’ t) +ZE) T(a;céz, t)}dz—i—
0

%uzg(x, t
) g, ), 0<x<Lz=4, £ 0

/\aT(;’f' DY = Q—eo(T*(x,h, t)—TE), 0<x<Il, z=h, t>0;
/\aT(gr,zZ, Hny _ —eo(T4(x, 0, 1) —T¢), 0<x<1,z=0, t>0; 1)

T(x,z, 0)=Ty=const, 0 <x<1,0<z<h, t=0;
uz(0, £)=0, x=0, t >0;

el —0, x=0, t >0;
Puz(x, 1) =0, x=1, t>0
axz 7 7 7
Pulet) — g, x=1, t>0;
ax3 7 7 7

uz(x, 0) =uy(x, 0), 0<x <1, t=0.

where a is the coefficient of temperature conductivity; & is the thickness of the flexible
element; u, = u,(x, t)—the deflection of the flexible element points in the direction of the
z-axis; Uz0 = Uzo(x, 0)—the initial deflection of the flexible element points in the direction
of the z-axis; p is the density of the flexible element; D is the cylindrical rigidity of the
flexible element for bending; [ is the length of the flexible element; A is the coefficient of
thermal conductivity; ¢ is the degree of blackness of the flexible element material; o is the
Stefan—Boltzmann constant; 7 is the unit vector of the normal to the surface element; and
0y is the component of the stress tensor.

The first equation of System (1) is a classical equation of two-dimensional thermal
conductivity when the temperature field has the following form: T = T(x, z, t). At the
same time, Fourier’s law is valid.



Symmetry 2023, 15, 1331

40f12

In the second equation of System (1), it is assumed that the deflection in the framework
of the two-dimensional problem can be represented as 1, = u,(x, t) [53]. It is a Sophie
Germain equation for thin plates [52,54]. Its satisfaction is required only in the middle of
the plate within the framework of this statement. Because the plate is thin, this requirement
is quite enough.

The third and fourth equations of System (1) represent the boundary conditions of the
third kind for the two-dimensional model of thermal conductivity. They assume the neglect
of the heat exchange through the side surface of the flexible element because its thickness
is small. They are written for the general case of arbitrary deflection when the unit vector
of the normal to the surface element n does not coincide with the direction of the z-axis, as
it was in the symmetric formulation [3] for the one-dimensional thermoelasticity problem.

The fifth equation of System (1) describes a uniform temperature field of the flexible
element at the time of the temperature shock onset and represents the initial condition
for the thermal conductivity problem. The first, third, fourth, and fifth equations fully
describe the two-dimensional problem of thermal conductivity and allow us to determine
the temperature field of the flexible element at any time.

The sixth and seventh equations of System (1) describe the geometric boundary
conditions of a rigidly fixed edge of the flexible element (Figure 1). They determine the
absence of deflections and angles of rotation in the seal.

The eighth and ninth equations of System (1) represent static boundary conditions
and determine the absence of forces and moments on the free edge of the flexible element.
A simplified representation of these boundary conditions is combined by the form of the
deflection function u; = u;(x, t), which does not depend on the y coordinate.

The tenth and last equation of System (1) defines the function of the initial deflections.
When 1,9 = u5(x, 0) = 0 and the incident heat flux is perpendicular to the plate sur-
face, the two-dimensional thermoelasticity problem degenerates into the one-dimensional
problem [3]. The second, sixth, seventh, eighth, ninth, and tenth equations of System (1)
completely define the two-dimensional problem of thermoelasticity and allow, with a
known temperature field, to obtain a field of deflections of the flexible element points at an
arbitrary time.

Thus, the initial boundary value problem of thermoelasticity has been set, which
allows us to assess the main disturbances caused by the temperature shock.

3. Evaluation of Disturbing Factors

To assess the disturbing factors, let us use the studies conducted in [3,22,53]. Let
the vector of displacements of the flexible element points under the temperature shock

have the general form of u (ux, uy, uz). Studies [25,52] show that only the deflections of
points of the flexible element u, = u;(x, t) can be taken into account when evaluating
perturbations, because the other components of the displacement vector are negligible
compared with deflections. Thus, numerical modeling in [25] shows that the component
of the displacement vector u, = u,(x, y, t) is more than two orders of magnitude smaller
than the deflection. Let us consider the component of the displacement vector 1y = ux(x, t).
It is shown in [8,22] that the points with coordinates [/2 < x <[ should move along the
x-axis. Let us write down the equilibrium equation for these points [3,22]:

N =E|[{exx —a[T(x, 2, £)=To(x, z, 0)]}dS @)
S

where dS = dy dz is an infinitesimal element of the cross section of the flexible element; €,
is an element of the strain tensor; « is the coefficient of thermal expansion; E is Young’s
modulus; and N is the internal longitudinal force arising in the infinitesimal element of the
cross section of the flexible element.
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With the free expansion of the flexible element:

N =0, é <x<lI ®)
Therefore, instead of (2), we have
l h
exx =a[T(x, z, t)—To(x, z, 0)], 5 <x<lI, z= 5 t>0 4)

Equation (4), as well as the second equation of System (1), is considered valid for the
median surface of the plate. This is quite enough for a thin plate. We have a displacement
estimation [55]:

oy ! h
= — _<x< ==
5 a[T(x, z, t)—Tp(x, z, 0)], 5 < x<I, z 5 t>0 (5)
After integrating (5), we have
l h
Y—/ (x, z, t)—To(x, z, 0)]dx,§§x§l,z:§,t>0 6)

With a maximum temperature difference of 100 K and a coefficient of thermal expan-
sion of & = 2.6:107% K1, the maximum u, values are about 0.13 mm. This is more than
an order of magnitude lower than the deflection values (about 3 mm [25]). Therefore, it is
sufficient to take into account only deflections that are much more significant than other
components of the displacement vector to neutralize the temperature shock.

It was noted in [3] that with the symmetrical formulation (symmetrical arrangement
of flexible elements), only one disturbing factor from the temperature shock is unbalanced.
This is the force of inertia in the direction of the z-axis [3]:

1

1) = —k [ iiz(x, t) dm = —k2L [ i (x, 1) dx @)
f |

0

where k is the number of flexible elements; m; is the mass of one flexible element; and
1z (x, t) is the second total derivative of the deflection with respect to time.

Let us use the expression obtained in [54] for deflections in the framework of the
two-dimensional model of thermoelasticity (Expression (16) [54]):

uy(x, t) = % (x4 —4lx3 + 612x2) +1y0(x,0),0<x <1, t>0 8)

where 2 and A are some positive constants [54].

.. 2

In [3], it was assumed that u,(x, t) = %. In this case, the inertia force (7) does
not depend on the initial deflection. It coincides with a similar force for the one-dimensional
formulation of the thermoelasticity problem [22]. Let us consider i (x, t) in a more general

way:

. _ %uy(x, t) . %uy(x, t) . 0%u(x, t)
uz(x, t) = Tux(xr t) +2Wuz(x, t) —or )
Taking into account (8), we have
uz(x t) = Lthﬁtﬂ( x2 —2lx+1%) + 3%;7(;60)}%(35 t)+
2( 3Ix? + 31%x)u (x, t)— (10)
3( —4lx3+612x%),0<x <1, t>0.

(t+a
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Analysis of Expression (10) shows that acceleration (ilz(x, t)) is not necessarily op-

. 2
posite to the deflection (u(x, t)) itself, as in the case when i, (x, t) ~ auzi(zx’t). It is more

general. In this case, the inertia force (7) depends on the initial deflection, because the first
term of the right part (10) contains the second derivative of the initial deflection function
(uz0 = uzo(x, 0)).

Let us use the approximation of the temperature field proposed in [54]:

t

T(x, z, t) =Cz
t+a

—Mx+Ty), 0<x<[,0<z<h t>0 (11)

where C and M are some positive constants [54].
Then, considering z = /2 (the median surface of the plate), we obtain expressions for
uy(x, t) and iy (x, f):

. _ Quydx Oy
o ) =50 e (12
We believe that i1y (x, t) = %' Therefore, we have
) - 1 Juy
y(x, t) = @W (13)
Considering Expressions (6) and (11), we obtain
duy t h
s —zx<Ct+a2—Mx> (14)
My _ oM, (15)
ot (t+a)" 2
Substituting (14) and (15) into (13), we get
. «Cahx
uy(x, t) = 16
% 9) 2 — a(Cph —2Mx)] (t +a)? (16
The second total derivative has the following form:
. _ Ouydx | duy
g (x, t) = Fr TS (17)
Then
%— « Cah Z—D(CH_%]’Z (18)
I (t+a)* 2 (a Cpoh— 2Mx))°
duy a Cahx « Cah _ (19)
O (t+a)[2— (a Celyh —2Mx)] \ (t+a)[2 — (a Crth — 2Mx) ]
F+a Fta
Substituting (18) and (19) into (17), we get
. = a Cahx « Cah
T (t+a)’[2— (w Celzh—2Mx)] | (t+a)[2— (& Cpph—2Mx)] 20)

2—a Ceigh B
2—(w Ch;h—2Mx) * 1] 2}‘
It is possible to obtain estimations of the disturbing effect of temperature shock on the
small spacecraft with the symmetrical scheme of flexible elements by substituting (16) and

(20) into (10) at first, and after that (10) into (7).



Symmetry 2023, 15, 1331

7 of 12

4. Numerical Modeling

Let us conduct numerical modeling and consider the small spacecraft model, the
scheme of which is shown in Figure 1, and the main characteristics are given in Table 1 [3].
This allows us to compare the simulation results with the symmetric formulation in [3].

Table 1. Parameter values of the small spacecraft used in numerical simulation [3].

Parameter Designation Value Dimension
Spacecraft prototype - Aist-2D [3] -
Solar panel frame material - MA?2 -
Mass of the spacecraft m 530 kg
Coefficient of thermal A 9.3 W/ (m x K)
conductivity
Stefan—Boltzmann constant o 5.67 x 1078 W/ (m? x K*)
Linear expansion coefficient o 2.6 x107° K-!
External heat flux Qo 1400 W/ m?
Vacuum temperature Tc 3 K
Initial temperature of the T(x, v, 2, 0) 200 K
solar panel frame
Specific heat c 1130.4 J/ (kg x K)
Density Y 1780 kg/m3
Lame coefficient A A 3 x 1010 Pa
Lame coefficient v v 1.6 x 1010 Pa
Number of plate layers N 3 -
Layer thickness Az 2 mm
Solar panel length 1 2.5 m
Poisson’s coefficient H 0.3 -
Number of flexible elements k 2 -
a 1 s
A 1074 m3
Model parameters c 200 K /m
M 3 K/m
Initial deflection Uz Uz % 2/12 m

If the initial deflection is represented by the expression in Table 1, the results shown in
Figure 2 are obtained.

U, in Figure 2 refers to the maximum deviation of the free edge of the flexible element
at the initial deflection. More significant values of 1,y than shown in Figure 2 can cause a
stability loss of the flexible element [34,53] and have not been considered in this work.

The analysis of Figure 2 shows its fundamental similarity with the results obtained
in [3] without taking into account the initial deflection (Figure 9 in [3]). In a wider range
of initial deflections, the dependence of the inertia force on the initial deflection would
probably be more noticeable. However, in this case, there is a stability loss of the flexible
element. Therefore, this comparison is incorrect. It should also be noted that with the linear
dependence of u;( on x, the pattern described in [3] is observed because the dependence
of the inertia force on the initial deflection is viewed if the second partial derivative of 1
with respect to x is different from zero.

Let us consider another spacecraft, the simulation of which was performed in [34].
However, in [34], a scheme with one flexible element was considered. The design of this
spacecraft provides four flexible elements (Figure 3) [3].

The main characteristics of the simulated spacecraft are given in Table 2 [34]. This
allows us to compare the simulation results with the results presented in [34].
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Figure 2. The dependence of inertia force on temperature shock for the simulated small spacecraft.

Figure 3. The scheme of the “Vozvrat-MKA” spacecraft [3].

Table 2. Parameter values of the small spacecraft used in numerical simulation [35].

Parameter Designation Value Dimension
Number of elastic elements i 4 -
Weight of the small spacecraft body mg 3 t
Mass of the elastic element my 50 kg
Length of the elastic element 1 5 m
Diagonal components of the inertia tensor ixx 115 N
in the principal bound coordinate system IZ 1' 5 txm
The maximum distance of the internal
environment point of the small spacecraft r 0.5 m
from its center of mass
Width of the elastic element b 0.5 m
Thickness of the elastic element h 6 mm
Material of the elastic element - MA-2 -
Young’s modulus E 42 GPa
Thermal conductivity A 96.3 W/(m x K)
Thermal expansion coefficient 104 2.6 x 107 pm/(m x K)
External heat flux Q 1.4 kW /m?2
Vacuum temperature Tc 3 K
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Table 2. Cont.
Parameter Designation Value Dimension
Initial temperature of the elastic element T(x, z 0) 200 K
Specific heat c 1.13 kJ/(kg x K)
Density o} 1.78 t/m3
Thickness of the elastic layer Az 1.5 mm
Time step for calculating temperatures At 0.04 s
a 1 s
—4 -3
Model parameters é 120 00 Ir(n /m
M 3 K/m

Initial deflection Uy Uy x 2/12 m

In this case, we get the results shown in Figure 4.

D, , uN

—1 1

Figure 4. The dependence of inertia force on temperature shock for the simulated small spacecraft.

The analysis of Figure 4 shows its fundamental similarity with the results obtained
in [34] without taking into account the initial deflection in the framework of the one-
dimensional thermoelasticity problem (Figure 5 in [34]). However, due to the greater length
of the flexible elements in this case, it was possible to realize larger values of the initial
deflection without a stability loss than in the previous case (Figure 2). Here, the dependence
of the inertia force on the initial deflection is more clearly seen. The potential energy of the
initial deformation contributes to the achievement of the large values of inertia force after
the initial stage of the temperature shock. The initial stage of the inertia force dynamics of
both numerical simulation examples is a more rapid dynamic phenomenon and practically
does not depend on the initial deflection (Figures 2 and 4).

5. Conclusions

Thus, as a result of the conducted studies, estimations of the disturbing effect of
temperature shock on a small spacecraft were obtained. This effect, in the case of a
symmetrical arrangement of flexible elements, is represented as a force of inertia from
the accelerated movement of the flexible element points. The other disturbing factors are
mutually compensated due to symmetry. The numerical simulation carried out for two
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schemes of small spacecraft with two and four flexible elements showed good convergence
of the results with other authors. The obtained results can be used in the development of
algorithms for the operation of the executive bodies of the small spacecraft motion control
system to neutralize the influence of the temperature shock. This may be relevant when
solving problems of remote sensing of the Earth, as well as for the implementation of
gravity-sensitive processes on board a small spacecraft.
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