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This paper reports a study into the influence exerted 
by the thermal flows of space environment on the defor-
mation of the shell of a space inflatable platform with  
a payload. The mathematical model of the effect of tem-
perature fluctuations on the mass-inertial characteristics 
of the space inflatable platform of an ellipsoidal shape 
has been improved.

The following assumptions were introduced to the 
model. The temperature distribution on the illuminated 
part and the unlit part of the shell is uniform. The gra-
dient of the temperature difference between the illuminat-
ed and unlit parts is the same for all points of the shell. To 
determine deformations, a moment-free theory was used. 
The model of the space inflatable platform is a «rubber 
bullet» that works only for stretching and compression. 
All deformations are elastic.

The advantages and limitations of the use of the 
developed mathematical model have been determined. 
Computer simulation of the orbital motion of a space 
inflatable platform with a payload in a sun-synchronous 
orbit was carried out. The material of the platform shell 
is Kapton. Estimates of temperature fluctuations in the 
illuminated and unlit part of the shell and the tempera-
ture of the gas inside it were obtained. The dependence 
of elastic deformations on temperature was determined, 
taking into account the Young’s modulus of the material. 
The influence of changes in gas pressure on the move-
ment of payload attachment points and the change in the 
inertia tensor have been determined. The obtained results 
showed that the inertia tensor varies within the order 
of 10–5 kgm2. The maximum deviation of the fastening 
points of the payload from the initial position on the illu-
minated part of the shell was about 10–6 m.

Considering the stability of the structure to the effects 
of heat flows of the space environment, the possibility of 
using space inflatable platforms as a means for separat-
ing a grouping of satellites has been shown
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1. Introduction

Space technologies cannot be imagined without the use 
of spacecraft orbital groupings (OG). There are two main 
types of spacecraft OG [1]:

1. «Order» – spacecraft OG constantly ordered relative 
to each other in space. Each in the grouping adheres to a given 
program position relative to the others.

2. «Swarm» – spacecraft OG of a time-varying order that 
is within certain program boundaries of the grouping.

Spacecraft OG have a variety of purposes and can per-
form various tasks. These tasks include:

– construction of a global satellite communication system;
– construction of global Internet;

– remote sensing of the Earth;
– satellite navigation systems;
– commercial private spacecraft OG of various non-mili-

tary tasks (for example, satellites for the agriculture, scienti-
fic satellites, monitoring of natural resources, etc.).

Thus, spacecraft OG of the «order» type is often used 
for remote sensing tasks of the Earth. This is explained by 
the convenience of determining the frequency of coverage of 
terrestrial areas during the orderly movement of spacecraft in 
one orbit with maintaining a fixed distance relative to each 
other [1]. At the same time, large groups of the «swarm» type 
with satellites in different orbits:

– significantly increase the frequency of coverage;
– increase the reliability of the operation of spacecraft OG;
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– make it possible to track changes in dynamics in any 
territory of the Earth, almost in real time [2].

To put spacecraft OG into orbit, a variety of adapters and 
dispensers are used. Thus, adapters serve as mechanisms for 
attaching the spacecraft to the upper stages of launch vehi-
cles (LV). The dispenser, in turn, can be separated from LV, 
maneuver, and set each spacecraft certain necessary parame-
ters of the orbit at the time of separation. As a rule, dispensers 
have in their composition all the necessary systems instru-
ments and devices to enable autonomous controlled flight.

However, the launch of each kilogram of payload (PL) 
into near-Earth orbits comes at a price whose value can be 
USD tens of thousands [3, 4]. At the same time, dispensers 
and adapters for launching a large number of spacecraft 
into orbit can have a significant mass. On the other hand, 
these devices must be equipped with a special withdrawal 
system from orbit, to limit the period of orbital existence of 
25 years [5] after the end of active functioning. To this end, 
the dispenser must have a withdrawal system, which, for  
example, makes it possible to increase the ballistic coefficient. 
Given this, minimizing the mass of an adapter or dispenser is 
an urgent task and requires scientific investigation.

2. Literature review and problem statement

One of the well-known designs of the dispenser is a specia-
lized modular dispenser developed by Spaceflight Inc. (Seattle, 
USA) for the upper stage of the Falcon-9 LV [6, 7] whose 
general view is shown  in Fig. 1 [6, 7]. The dispenser is de-
signed for simultaneous launch of spacecraft OG into orbit.
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2 
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Fig.	1.	Specialized	modular	dispenser	for	the	upper	stage		
of	the	«Falcon-9»	launch	vehicle:	1	–	payload	adapter	based	

on	the	connecting	ring	developed	by	Boeing;		
2	–	module	«CubeStack»;	3	–	composite	module	«Hub»;	

4	–	Multi-cargo	carrier;	5	–	fitting	for	fastening	on	the	upper	
stage	of	the	Falcon-9	launch	vehicle

The dispenser makes it possible to put into orbits of up 
to 64 spacecraft of the micro and nano class. The total mass 
of this dispenser, according to [7], reaches 1510 kg. However, 
despite the rather impressive size and mass of the dispenser, it 
does not have an active system of orientation and stabilization.  
This is explained by the possibility of minimizing inertia 
perturbations when the satellites are separated from the 
dispenser, which avoids a significant increase in angular 
velocities when moving around the center of mass and loss 
of stability. In turn, the use of a dispenser that does not have 
systems of orientation and stabilization will not make it pos-
sible to provide ultra-precise initial kinematic conditions for 

the separation of the spacecraft, which is necessary for the 
formation of OG of the «structure» type. Also, to limit the 
period of orbital existence, this dispenser must be equipped 
with a special aerodynamic device to increase the ballistic 
coefficient, which requires designing additional devices [7].

The next modification of Spaceflight Inc. dispensers is 
a Sherpa-FX5 type dispenser [8]. It makes it possible to bring 
about 190 kg of spacecraft to a sun-synchronous orbit close to 
a circular orbit with a height of 500 km. The natural weight 
of the dispenser (without satellite) – 125 kg. It does not have 
an engine system and an orientation and stabilization system. 
Given this, such a dispenser for the construction of spacecraft 
OG can be used only in conjunction with the upper stage of LV.  
Also, when using Sherpa-FX5, there are disadvantages similar 
to using the Falcon-9 LV dispenser (USA) [6, 7].

Of similar design is a dispenser of class SSMS PoC, deve-
loped by Arianespace (France) for the upper stage of «Vega» 
LV (European Union) [9] (Fig. 2). In the development and 
manufacture of SSMS class dispensers, the technology of 
honeycomb structures was applied. Thus, in [9] it is proposed 
to use six types of SSMS PoC dispensers for launching space-
craft of different classes into orbits.

 
Fig.	2.	Adapter	for	the	upper	stage	of	«Vega»	LV	[9]

Also, the SSMS PoC dispenser does not have an auto-
nomous motion control system and is not separated from the 
upper stage of the Vega launch vehicle. On the one hand, this is 
an advantage since the upper stage and the dispenser make up 
the same system and can be removed from orbit using a single 
device. However, the upper stages of LV usually have signifi-
cant masses, which may necessitate equipping such dispensers 
with powerful devices for removal.

Regarding Ukraine, DP «KB Yuzhnoye» named after 
M. K. Yangel (Dnipro, Ukraine) developed the LV upper stage 
«Cyclone-4» class for launching satellites into different orbits. 
This is a significant advantage, which allows for group launch 
of satellites into near-Earth orbits [10]. It uses the RD 861K 
engine unit (Ukraine), which has the ability to turn on 5 times 
when forming OG in different orbital ranges. Various adapters 
developed by DP «KB Yuzhnoye» are considered in [11]. All 
these adapters are also directly attached to the upper stage of 
the Cyclone-4 launch vehicle and are not separated after being 
put into orbit. Given this, such devices can be attributed only to 
the elements of fastening the spacecraft to the upper stage of LV,  
which do not have the possibility of autonomous operation. 

In turn, WorldVu Satellites Limited (Cardiff, Great 
Britain) has developed a system for deploying space-
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craft (Fig. 3, a) [12], which has many removable distribution 
modules. These modules are attached to each other, and each 
module carries a certain amount of spacecraft. Each module 
of the dispenser acts as a separate upper stage of the launch 
vehicle with its own power unit and deploys a subgroup of 
the spacecraft at the appropriate height and orbit. Since 
each dispenser module can deploy its own spacecraft away 
from other modules of the dispenser, the risk of collision 
between them is significantly reduced, which makes it pos-
sible to launch a large number of spacecraft in a safe, timely, 
and cost-effective way. This deployment system is described 
in [13] (Fig. 3, b).

 

 a b

Fig.	3.	WorldVu	Satellites	Limited’s	satellite	deployment	
system:	a	–	deployment	system	with	interchangeable	

distributed	modules;	b	–	deployment	system		
of	distributed	dispenser	system

Another company offering to manufacture the dispenser 
in the form of a fully autonomous module with its own set 
of service systems is the Raytheon Company (Waltham, 
Massachusetts, USA) [14]. This dispenser can also function 
independently after separating it from the upper stage of LV 
and continue to bring PL into the appropriate orbits.

The listed adapters and dispensers, as a rule, consist of 
composite materials, which in their composition have metal-
lic elements that increase the mass of these systems. In turn, 
the approach to designing active dispensers that function as 
autonomous modules, like systems [12–14] based on space 
inflatable platforms (SIP) can reduce their mass characteris-
tics. In addition, the use of this approach can reduce the cost 
and increase the ballistic coefficient of the dispenser. This, in 
turn, will make it possible not to equip the dispenser with an 
additional withdrawal system but to implement its removal 
only due to the action of the force of aerodynamic resistance 
of the atmosphere.

The level of scientific and practical consideration of the 
tasks to design and construct SIP is quite deep [15]. The 
most known applications of SIP are:

– inflatable space reflectors (Echo satellites) [15];
– inflatable antennas (SPARTAN experiment) [15];
– systems for storing and returning payload to Earth [15];
– inflatable modules for placing astronauts (BEAM) [16];
– inflatable rods for space systems distributed in space [17];
– systems for the removal of spent spacecraft from near-

Earth orbits [18].
In addition, Nanoracks plans to launch the first inflatable 

autonomous space station by 2027, which allows up to four 
astronauts on board [19]. 

In turn, according to [15], the thickness of the shells of 
inflatable systems that do not involve astronauts on board 
is quite small (from one to several millimeters). Given this, 
mounting PL containers on an inflatable dispenser with this 
thickness is problematic. With this in mind, the authors of 
the work proposed a generalized concept of mounting PL on 
SIP using a frame of chain connections on top of inflatable 
modules [20]. However, the use of such a design can yield the 
mobility of the attachment points of PL under the influence 
of external factors of the space environment. One of these fac-
tors is temperature fluctuations when SIP moves through the 
illuminated and unlit part of the orbits, which can affect the 
gas pressure drops on the shell walls [21]. In turn, the mobility 
of PL attachment points on SIP will affect the change in the 
inertia tensor in flight and generate additional perturbations.

Thus, there is a task to assess the influence of the mobility 
of PL attachment points on the change in the mass-inertial 
characteristics of SIP. 

3. The aim and objectives of the study

The purpose of this work is to determine the degree of 
influence of heat fluxes on the deformation of the shell of the 
space inflatable platform, the mobility of the payload attach-
ment points, and the mass-inertial parameters of SIP with PL.  
This will make it possible to select the design parameters of 
SIP with PL at the initial design stage, taking into account 
the influence of heat fluxes on the change in the inertia tensor 
and the controllability of the system. 

To accomplish the aim, the following tasks have been set:
– to improve the mathematical model of the influence of 

heat flows on the movement of the attachment points of PL 
and the equipment of the space inflatable platform arising 
from its deformation;

– to conduct computer simulation of the orbital motion 
of SIP with PL, taking into account the influence of heat 
fluxes on SIP;

– to investigate the influence of the movement of PL at-
tachment points and equipment on the change of the inertia 
tensor of SIP.

4. The study materials and methods

The object of this study is methods for determining the 
effect of heat fluxes on space systems.

The main hypothesis of the study assumes the dependence 
of the mass-inertial characteristics (inertia tensor) of SIP 
with PL on the influence of thermal flows of the environment 
during the movement of SIP in the illuminated and unlit parts 
of the orbit.

Given that the set task of the study is nonlinear, complex, 
multidimensional, it is proposed to represent it in the form of 
a set of interconnected subtasks:

1. Determining the temperature of SIP shell and the gas 
inside it.

2. Determining the strength characteristics of SIP.
3. Determining SIP deformations.
4. Determining the current position of PL and equipment 

installed on the shell and the calculation of the mass-inertial 
characteristics of SIP.

5. Determining the current kinematic parameters of the 
translational orbital motion of SIP.
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In the study of the effects of heat fluxes, the following 
assumptions were introduced:

a) the shape of SIP is ellipsoid;
b) the temperature of the parts of SIP that is under the 

sun’s rays and in the shade is evenly distributed over the surface;
c) the gradient of the temperature difference between the 

illuminated and unlit parts is the same for all points of the shell; 
d) when assessing the temperature effects on SIP, oriented 

movement in the Sun is considered; a change in the illumination 
of the surface, depending on the orientation, is not considered.

These assumptions can significantly simplify the rather 
complex calculations arising from the application of finite- 
element methods [22] in thermodynamics problems. In addi-
tion, when applying the assumption d), it is possible to con-
duct a study of the limiting case with the maximum heating of 
the shell of a certain part of SIP. For computer simulation of 
the orbital motion of SIP with PL, we apply software mo dules 
that we developed in the C/C++ programming language 
in the environment of Microsoft Visual Studio (Microsoft, 
USA) and Qt Creator for Linux (Trolltech, Norway).

5. Results of investigating the effect of heat fluxes on the 
deformation of the space inflatable platform with payload

5. 1. Mathematical model of the influence of heat fluxes 
deformation of the space inflatable platform

5. 1. 1. Coordinate systems
The following coordinate systems have been introduced:
a) orbital coordinate system (OCS) OоXоYоZо. Non-

iner tial right frame of reference with the Oо center in the 
center of SIP mass. The OоZо axis is directed to the center 
of the Earth, the OоXо axis lies in the plane of the orbit and 
is directed towards movement in the orbit (it forms an acute 
angle with the orbital velocity vector); 

b) the coordinate system (BCS) bound to the center of 
SIP mass OBXBYBZB. Its center OB is located in the center of 
SIP mass, and the axes  coincide with the main axes of inertia. 
The transition corresponds to the sequence of turns to the 
angles of roll, pitch, and yaw;

c) basic design polar coordinate system (BDPCS)  
OBPXBPYBPZBP with the OBP center in the geometric center 

of SIP. Coordinates are set by the design radius-vector of the 
current position, azimuth, and elevation angle;

d) basic design Cartesian coordinate system (BDCCS) 
OBDXBDYBDZBD. Its OBD center is located in the geometric 
center of SIP. The axes coincide with the main axes of SIP;

e) a coordinate system that is connected to the mo vable 
payload mounting center (BMPL) OBMXBMYBMZBM. The 
OBM center is at the point of attachment of the i-th payload. 
The axes are parallel in the direction of the axes of BCS.

5. 1. 2. Determining the temperature of the shell of the 
space inflatable platform from the outside and inside  

The generalized structural scheme of SIP shell with PL 
fixed on it is considered as a three-layer wall (Fig. 4).

Taking into account the accepted assumptions, the follow-
ing ratios were used to calculate the temperature of SIP [23]:

m C
dT

dt
Q Qp p

p
in out. .

.
. . ,= −

Q Q Qin ext p. . . ,= + int.p.  (1)

Q A Tout p sp p p. . . . . ,= σε 4

Q E A E A E Aext p s p sol p a p alb p p p plan p. . . . . . . . . . . ,= + +α α ε

where mp. is the mass of the inflatable shell; Сp. is the heat 
capacity of the upper layer of the inflatable shell; Тp. is the 
surface temperature of the upper layer of the inflatable shell; 
Qext.p. is the amount of heat transferred to the upper layer of 
the inflatable shell from the environment; Qint.p. is the amount 
of heat transmitted to the upper layer of the inflatable shell 
from the internal electrical equipment (taking into account 
external fasteners and heat screens of the payload, devi-
ces, and actuators, this value is proposed to be neglected);  
εp. is the degree of blackness of the upper layer of the in-
flatable shell; Аsp.p. is the area of the  full surface of the 
upper layer of the inflatable shell; αp. is the absorption coef-
ficient (absorbency) of the upper layer of the inflatable shell; 
Аsol.p., Аalb.p., Аplan.p. are the calculated areas of the upper layer 
of the inflatable shell that receive solar radiation, albedo ra-
diation, and planetary radiation.
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Fig.	4.	Generalized	structural	diagram	of	a	space	inflatable	platform	with	a	payload,	where	Qin	is	the	amount		

of	heat	entering	the	space	inflatable	platform	from	the	environment;	Qout	–	the	amount	of	heat	emitted		
by	the	space	inflatable	platform	into	the	environment;	ri, rj –	positions		of	the	i -th	and	j -th	payload	in	the	coordinate		
system	connected	to	the	center	of	mass	of	the	platform;	1	–	outer	layer	of	the	shell	of	the	space	inflatable	platform;		

2	–	intermediate	layer	of	the	shell	of	the	space	inflatable	platform	(heat	screen);	3	–	inner	layer	of	the	shell	of	the	space	
inflatable	platform,	4	–	attachment	points	of	the	i-th	and	j-th	payload	in	the	coordinate	system	connected		

to	the	center	of	mass	of	the	platform
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To determine the temperature of the illuminated and un-
lit part of SIP, equation (1) is represented as a system of the 
following two differential equations:

m C
dT

dt
E A E A

E A

p il p
p il

s p sol p il a p alb p il

p p

. . .
. .

. . . . . . . .

.

= + +

+

α α

ε pplan p il p sp p il p ilA T. . . . . . . . . ,− σε 4  (2)

m C
dT

dt
E A

E A A

p sh p
p sh

a p alb p sh

p p plan p sh p

. . .
. .

. . . .

. . . . .

= +

+ −

α

ε σε ssp p sh p shT. . . . . ,
4

where Тp.il. is the temperature of the upper layer of the illumi-
nated part of the shell; Тp.sh. is the temperature of the upper 
layer of the shell in the shade; index «il» is the value of the pa-
rameters of the illuminated side of SIP; index «sh» is the value 
of the parameters of the shadow side of the inflatable platform.

It should also be noted that in the shadow part of the 
orbit, the values of Es and Ea in equation (2) are zero. Taking 
into account the fact that the vacuum space between the 
layers of SIP is small and heat is transmitted due to thermal 
radiation, the procedure of calculating heat fluxes, which is 
given in work [23], is applied. Thus, heat fluxes from the up-
per layer of the wall of the illuminated and unlit part of SIP 
are determined by the equations:

E c
T

Ap il p
p il

p il1 0

4

100. . . .
. .

. . ,= ⋅ ⋅






ε  (3)

E c
T

Ap sh p
p sh

p sh1 0

4

100. . . .
. .

. . ,= ⋅ ⋅






ε

where E1.p.il. is the heat flux from the illuminated wall;  
E1.p.sh. is the heat flux from the wall in the shade.

In turn, inside the material of the upper layer of the shell, 
heat is transferred due to thermal conductivity. Features of 
the gradient temperature difference between the shadow  
and solar sides of SIP are shown in Fig. 5.

12

3

δ
 

 
Fig.	5.	Zone	of	temperature	difference	where:		

1	–	illuminated	side	of	the	shell;	2	–	shadow	side	of	the	
shell;	3	–	temperature	difference	zone;	Δ	–	width	of	the	

temperature	difference	zone

The heat transfer in the shell in the direction of the 
temperature difference gradient on the surface of the shell is 
considered. Taking into account the assumptions of uniform 
temperature distribution in zones 1 and 2 and the small 
thickness of the upper layer of the shell (Fig. 5), the equation 
of thermal conductivity in a flat wall under the boundary 
conditions of the second kind is used [23]:

q Tsurf surf. . ,= − ( )λgrad  (4)

q T Tsurf surf il surf sh. . . . . ,= −( )λ
δ

where Тsurf. is the surface temperature of SIP shell; λ is the 
coefficient of thermal conductivity.

Accordingly, the outer layer transfers heat to the inner 
layer (the layers are not completely sealed, the interlayer 
space is a vacuum) of the shell wall, and, hence, changes its 
temperature. Taking this into account, the temperature of the 
inner layer of the shell of the illuminated and unlit part of SIP 
is calculated by using equations [23]:
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,

where Тp.il.in. is the temperature of the inner wall of the illu-
minated part of the shell surface; Тp.sh.in. is the temperature of 
the  inner wall of the part of the surface of the shell located 
in the shade; ε1–2 – the reduced total value of the degree of 
blackness of the entire wall of SIP (Fig. 5).

Based on the fact that the thickness of the shell is several 
millimeters, the angular irradiation coefficients between the 
three layers of the shell will be considered equal to unity. 
Then, parameter ε1–2, taking into account the interlayer 
screen, is calculated according to the equation:
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ε ε
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1 2
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sc ii
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,  (6)

ε

ε ε

1 2
0 1

1 1
1

− =
+ −

p in. .

,

where ε1 2
0
−  is the reduced value of the degree of blackness 

between the outer and inner layer of the shell without taking 
into account the heat screen; εin. is the degree of blackness of 
the inner layer of the shell; εsc.і is the degree of blackness of 
the i-th screen of the intermediate layer of the shell.

Thus, the heat fluxes Е2.p.il. and Е2.p.sh. are determined, 
transmitted from the inner layer of the shell to the gas mo-
lecules inside. The temperature of the gas inside the shell is 
calculated using the equations given in [23]:

E c
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p il g r
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2 0
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,

where εg.r. is the reduced degree of blackness of the gas 
inside the shell; Тg.il. is the gas temperature near the illumi-
nated wall; Тg.sh. is the temperature of the gas near the wall, 
which is in the shade. For further calculations of the effect of 
temperature changes on the change in the inertia tensor of 
SIP, the temperature of the gas inside the shell Тg. is accepted 
as the average value near the illuminated wall (taking into 
account the zone of difference) and the wall in the shade:

T
A

A

A

A
T

A

A
Tg

p il

p

p diff

p
p il

p sh

p
p s.

. .

.

. .

.
. .

. .

.
.= +









 +









κ hh. ,













 (8)

where Аp.il. is the area of the illuminated surface of SIP;  
Аp.sh. is the surface area in the shade; Аp.diff. is the surface 
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area of the temperature difference zone; Аp. is the full surface  
area of SIP; κ – dimensionless design parameter of heat trans-
fer, calculated from formula:

κ =
+
+

T T

T T
g il g sh

p il p sh

. . . .

. . . .

.

Binding the temperature distribution to the surface of 
the shell is implemented using BDPCS and BDCCS. So, tak-
ing into account the assumption that SIP is always oriented 
to the Sun on one side, the following distinctions have been 
introduced between the unlit and illuminated zones of SIP 
shell, depending on the design azimuth in BDPCS:

1) from 90° to 270° – unlit area of SIP;
2) from 0° to 90° and from 270° to 360° – illuminated 

area of SIP;
3) the length of the difference zone is calculated in the 

flight of SIP in orbit, depending on the amount of heat re-
ceived and emitted.

5. 1. 2. Determining the strength characteristics and 
deformations of the space inflatable platform

The following assumptions have been introduced:
1) the Young’s modulus and the value of the boundary 

stresses when heating the shell of the satellite decreases by   %;
2) the current values of the Young’s modulus and the 

boundary stresses are calculated using tabulated dependen-
ces on the temperature of the material by interpolation.

Due to the fact that for systems such as SIP, the gas pres-
sure inside the shell is two orders of magnitude higher than 
the pressure from the environment, a momentless theory is 
adopted to assess deformations. At the same time, SIP is con-
sidered a model of «rubber balloon», which has only elastic 
deformations depending on the internal pressure of the gas 
and works only for stretching and compression. 

The deformations are considered at each i-th nodal point 
of fixing PL and equipment in BDCCS and are converted 
to BCS according to the formulas provided in [22]. Given 
this, in the vicinity of each nodal point, elementary areas and 
stress tensor are determined.

The deformation model is represented in the form of  
a system of equations:
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where εi x, ,  εi y, ,  εi z,  are the linear deformations at the i-th 
nodal point of SIP in BDCCS; γi,xy, γi,yz, γi,zx are the shear 
deformations in the corresponding coordinate planes in the 
vicinity of the i-th nodal point of SIP in BDCCS; ui is the 
vector of displacements of the deformed surface of the i-th 
nodal point of SIP in BDCCS; Ei is the modulus of longitu-
dinal elasticity of the material at the i-th nodal point of SIP 
in BDCCS; Gi is the shear modulus at the i-th nodal point  
in BDCCS; ν – Poisson coefficient; σi,x, σi,y, σi,z are the nor-
mal stresses acting on cha racteristic areas at  the i-th nodal 
point of SIP in BDCCS; τi,xy, τi,yz, τi,zx – stresses directed 
along the tangent to the cha racteristic areas at the i-th nodal 
point of SIP in BDCCS.

In this work it is accepted that the gas presses on each 
elementary characteristic area of SIP shell in the same way 
while the pressure vector is directed along the normal to 
each elementary area. Given this, we have one linear defor-
mation and one normal stress projection onto a characteristic  
area (Fig. 6). The values of other normal and tangential 
stresses are considered quite small, and their influence is 
proposed to be neglected.

ir
σ 
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Fig.	6.	Gas	pressure	on	the	inner	walls		

of	the	shell	of	the	space	inflatable	platform,		
where	1	is	the	shell	of	the	space	inflatable	platform;		

2	–	payload	mounting	point;	3	–	temperature	difference	
zone;	σ	–	stress	on	the	characteristic	area	at	the	place		

of	attachment	of	the	payload,	Рg.	is	the	gas	pressure		
on	the	walls	of	the	shell	of	the	space		

inflatable	platform

Thus, without the use of a boost system and thermore-
gulation, the gas pressure inside SIP shell is constant (iso-
baric mode [21]). However, in the isobaric process, the 
volume of gas is a function of its temperature Vg. = f(Тg.). 
Given the fluctuations in gas temperature during heating 
and cooling of SIP in the illuminated and unlit parts of the 
orbit, the volume of gas varies. With isobaric expansion of 
gas, the pressure on the walls of SIP shell increases. 

Accordingly, with the application of the momentless 
theory [21] and the law of conservation of energy, elastic 
deformations of the shell arising during temperature fluctu-
ations were found:

T Wg shell. . ,= Δ  (10)
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Тg. is the gas work during isobaric expansion; Рg. – gas 
pressure; Vg. – gas volume; V1 – initial volume of gas;  
V2 – current volume of gas; ΔWshell is the change in the 
potential energy of the elastic shell of SIP; εi  – elastic 
deformation of the shell at the point of attachment of the 
i-th PL in BCS; εi,0  – initial elastic deformation of the 
shell at the point of attachment of the i-th PL in BCS; 
d iε  – change in deformation at the point of attachment of 
the i-th PL in BCS; Si – a characteristic area at the point 
of attachment of PL; Stotal.surf. is the area of the  full surface 
of the inner wall of SIP shell; l is the thickness of SIP shell;  
Δt – change of time.

5. 1. 3. Determining the current position of the payload 
and equipment installed on the shell and the calculation 
of the mass-inertial characteristics of the space inflatable 
platform – 10–12 words

Features of determining the position of the payload 
on SIP, which has the form of a sphere, are set out  
in [23]. Given the use of an ellipsoidal SIP in the current 
study, the recalculation of payload positions is carried out 
in BDCCS.

The calculation of the mass-inertial characteristics of 
SIP is carried out according to the following algorithm:

1) calculate SIP deformations during temperature fluc-
tuations during movement in the illuminated and unlit part 
of the orbit (2) to (11);

2) determine a change in the position of the mounting 
points of PL and the equipment in BMPL and recalculate  
the change in position in BDCCS;

3) recalculate the center of mass of SIP from PL to  
BDCCS according to the formulas given in [23];

4) calculate the transition from BDCCS to BCS and PL 
positions in BCS [23];

5) recalculate the inertia tensor using formulas from [23]. 

5. 1. 4. Determining the current kinematic parameters 
of the movement of the space inflatable platform

It has been suggested that the movement of SIP occurs 
under the influence of the following perturbations:

1) the gravitational potential of the Earth (5× 5 harmo-
nics are taken into account);

2) aerodynamic resistance of the Earth’s atmosphere, the 
model NRLMSISE-00 is used [24];

3) solar pressure. The shadow model given in work [25] 
is used.

Due to the fact that the position of SIP in our paper is 
considered oriented by one side to the Sun at each point of 
the orbit, the features of angular motion are not considered. 

In turn, the equation of orbital motion is written as fol-
lows [25]:
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where

e ex = ⋅ +( )cos ;ω Ω  e ey = ⋅ +( )sin ;ω Ω

i ix = ( )⋅tg cos ;2 Ω  i iy = ( )⋅tg sin ;2 Ω  h p= μ ; 

ξ = + +1 e F e Fx ycos sin ; η = −i F i Fx ysin cos ;  

ϕ = + +1 2 2i ix y ;  F = + +ω ϑΩ ;

e is the eccentricity of the orbit; Ω – direct ascent of the 
ascending node; Ω – perigee argument; μ – gravitational 
constant, μ = 3,986·105 km3/s2; i – inclination of the orbit; 
ϑ  – true anomaly; t – time; S, T, W – radial, transversal, and 
binormal perturbation accelerations.

The forces and accelerations generated by the action of per-
turbations are calculated according to the procedure described 
in [25]. Given this, the heat fluxes of solar radiation, terrestrial 
radiation, and albedo are determined based on the current 
position of SIP in orbit, which is calculated using model (11).

5. 2. Computer simulation of the orbital motion of  
a space inflatable platform, taking into account the influ-
ence of heat fluxes

Let SIP launch 9 spacecraft of remote sensing of the 
Earth into a sun-synchronous orbit: 3 CubeSat 16U class 
vehicles, 3 CubeSat 8U class vehicles, and three CubeSat 3U  
auxiliary devices. SIP also has 9 modules of its own technical 
equipment: sensors and controlling elements of the orientation 
and stabilization system. The orientation and stabilization 
system includes solar and stellar sensors, flywheel motors, and 
electromagnets. The SIP shell consists of a polyamide Kap-
ton film with aluminum spraying and thermal screens with  
a thickness l = 2 mm and an average density of 1400 kg/m2,  
the Young’s modulus for it is E = 86.2 GPa [15]. 

Geometric parameters of the space inflatable platform:
– large semi-axis, oriented along the ОBDХBD axis in 

BDCCS: 3 m;
– the first small semi-axis oriented along the ОBDYBD  

axis in BDCCS: 0.75 m;
– the second small semi-axis oriented along the ОBDZBD 

axis in BDCCS: 0.75 m.
The parameters of the payload and technical equipment 

are given in Table 1.
The mass of the shell with flexible connections is 100 kg.
SIP has the following indicators of the degree of black-

ness of materials:
1) the degree of blackness of the upper layer of the shell 

εp. = 0.01;
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2) the degree of blackness of flexible solar panels εs.p. = 0.8 
(which occupies 20 % of the platform surface);

3) the degree of blackness of the inner layer of the shell 
εin. = 0.015;

4) the degree of blackness of the interlayer heat screen 
εsc.i = 0.009;

5) the degree of blackness of the gas (model value) εg = 0.03;
6)  = 10 %.

Table	1
Payload	parameters

No. of 
entry Title Weight, kg

Design 
azimuth, 
degree

Design po-
sition angle, 

degree 

1 CubeSat 16U+P-pod 20 (16+4) 0 0

2 CubeSat 8U+P-pod 10 (8+2) 45 0

3 CubeSat 3U+P-pod 5 (3+2) 90 0

4 CubeSat 8U+P-pod 10 (8+2) 135 0

5 CubeSat 16U+P-pod 20 (16+4) 180 0

6 CubeSat 8U+P-pod 10 (8+2) 225 0

7 CubeSat 3U+P-pod 5 (3+2) 270 0

8 CubeSat 3U+P-pod 5 (3+2) 315 0

9 CubeSat 16U+P-pod 20 (16+4) 0 45

10 Technical equipment 5 0 90

11 Technical equipment 8 0 –45

12 Technical equipment 5 0 –90

13 Technical equipment 7 180 45

14 Technical equipment 8 180 –45

15 Technical equipment 7 90 45

16 Technical equipment 8 90 –45

17 Technical equipment 7 270 45

18 Technical equipment 8 270 –45

The SIP shell has the following mechanical and gas cha-
racteristics:

1) Young’s modulus E = 86.2 GPa;
2) thickness l = 2 mm;
3) the area of the full surface of the inner wall Stotal.surf. = 

= 22.68 m2;
4) gas pressure inside the shell Pg. = 0.01 Pa;
5) the initial volume V1 = 7.0262 m3.
Taking into account the fact that SIP forms an orbi-

tal grouping of satellites for remote sensing of the Earth,  
a sun-synchronous orbit is considered [26] with the para-
meters given in Table 2.

It is assumed that after separation from the launch vehicle, 
SIP must separate all spacecraft within a day to form an orbi tal 
grouping. Taking this into account, a ballistic ana lysis of the 
translational movement of SIP at a given period of time (one 
day) was carried out. The nature of change in the elements of 
the orbit during flight over time is shown in Fig. 7–10. 

Table	2

Orbit	parameters	of	a	space	inflatable	platform		
with	a	space	load

Parameter Value 

Semi-major axis of the orbit, m 7,107,213

Eccentricity 0.001266

Orbit inclination, degree 98.432

Longitude of the ascending node, degree 278.043

Argument of perigee, degree 68.922

Latitude argument, degree 0.0
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Fig.	10.	The	nature	of	change	in	the	orbital	perigee	argument

To analyze the temperature effects, consider the move-
ment of SIP with a focus on the sun. Thus, using formulas (1) 
to (11) and the procedure from [23], the influence of tem-
perature factors is calculated. The change in temperature of 
the illuminated and shadow parts of SIP at the time interval 
of one day is shown in Fig. 11.

The above results (Fig. 11) demonstrate that the tem-
perature of the illuminated part has a temperature difference 
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of about 100 K, which occurs when SIP moves along the 
shadow (minimum temperature) and illuminated part (maxi-
mum temperature) orbit (zone 1 in Fig. 5). At the same time, 
the temperature difference of a part of the platform that is al-
ways in the shade is about 35 K (zone 2 in Fig. 5). Taking this 
into account, the maximum temperature difference on the 
entire surface of SIP shell is 130–135 K. Calculation of the 
width of the temperature difference zone on SIP shell (zone 3 
in Fig. 5) is shown in Fig. 12. In the zone of difference, tem-
perature fluctuations at the border with the illuminated 
part corresponds to fluctuations in the temperatures of the 
illuminated part of the shell and with an increase in width Δ 
decreases to the amplitude of oscillation on the shadow side.
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Fig.	11.	The	nature	of	temperature	change	in	the	illuminated	
and	shadow	part	of	the	space	inflatable	platform		
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Fig.	12.	The	width	of	the	temperature	difference	zone		
on	the	surface	of	the	space	inflatable	platform

From the results shown in Fig. 12 it turns out that the 
width of the temperature difference zone also depends on the 
current position of SIP in the illuminated or unlit part of the 
orbit. Thus, with maximum heating of SIP shell (illuminated 
part of the orbit), zone 1 begins to transfer heat to zone 2, 
which is unlit. In this case, the temperature gradient is maxi-
mum, and hence the maximum temperature difference zone.

In turn, to reduce the pressure of the gas on the walls of 
the inflatable shell, it is necessary to reduce its temperature.  
Thus, with the use of thermal shielding properties of the 
shell, the temperature of the gas inside the shell reaches 
a maximum va lue of 300 K, which is 100 K less than the ma-
ximum temperature of the illuminated part of the inflatable 
platform (Fig. 13).

Thus, estimates of fluctuations in the surface temperature 
of SIP shell, fluctuations in gas temperature inside the shell 
were obtained, which makes it possible to analyze the deforma-
tions of SIP and the features of the change in the inertia tensor.
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Fig.	13.	The	nature	of	change	in	the	gas	temperature	inside	
the	space	inflatable	platform

5. 3. Investigation of the effect of heat fluxes on the 
change in the inertia tensor of the space inflatable platform

With the use of models (9), (10) and calculation of the iner-
tia tensor [21], the peculiarities of the influence of heat fluxes 
on the mechanical characteristics of SIP were determined. 
The change in the main axes of the inertia tensor under the 
influence of temperature factors in flight is shown in Fig. 14.
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Fig.	14.	Change	of	the	main	inertia	axes	of	the	space	
inflatable	platform	under	the	influence	of	temperature	

factors:	a	–	change	of	the	main	axis	of	inertia	Jxx;		
b	–	change	of	the	main	inertia	axis	Jyy;	c	–	change	of		

the	main	inertia	axis	Jzz
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These results show that with given assumptions for modeling 
the deformations of SIP shell (application of the momentless 
theory), the amplitude of oscillations of the main axes of the 
inertia tensor is approximately 2×105 kg·m2 (Fig. 14). Such fluc-
tuations in the values of the main inertia axes are insignificant 
and coincide with the level of error in determining the inertia 
tensor at the design stage. Given this, such amplitudes of oscil-
lations of payload attachment points will not create additional 
significant perturbations during the angular motion of SIP.

6. Discussion of results of applying the model of  
the influence of heat fluxes on the deformation  

of the space inflatable platform with payload

The mathematical model of calculating the mass-inertial 
characteristics and strength characteristics of SIP (1) to (11) 
has been built. In the mathematical model, certain assump-
tions have been introduced, which makes it possible to simpli-
fy it significantly. The advantage of this simplification is the 
convenience of integration into software products that allow 
solving the problems of designing modern SIPs. Due to this, 
the speed of design estimates of the influence of temperature 
fluctuations arising in the dynamics of the movement of SIP in 
orbit increases, to replace the inertia tensor and strength cha-
racteristics. In addition, the introduction of the assumption of 
heating certain defined areas of the surface of SIP without tak-
ing into account changes in the illumination of the surface, de-
pending on the orientation, allows us to analyze the boundary  
case of heating the surface of SIP. This boundary case as-
sumes the maximum effect of heat fluxes on this area during 
movement in the illuminated part of the orbit, and hence the 
maximum heating. Given this, the use of the model built makes 
it possible to quickly determine the design parameters of SIP 
shell in general form and can be applied to various types of its 
geometric shapes. In turn, this will allow for a quick analysis 
of the influence of heat fluxes on the mass-inertial characte-
ristics of SIP with PL during movement in orbit. Thus, the 
dependence of change in the mass-inertial characteristics of 
SIP (inertia tensor, deformation) on the temperature during 
flight is necessary when designing a system of orientation and 
stabilization of controlled dispensers developed on the basis of 
SIP. Analysis of angular motion and selection of design para-
meters of the dispenser control system developed on the basis 
of SIP is the goal of further research. 

However, the application of the mathematical model (1) 
to (11) has limitations. Thus, the use of model (1) to (11) does 
not make it possible to  analyze the influence of heat fluxes 
for each element and node of SIP with PL. This requires the 
exact values of all thermal characteristics of materials, their 
exact geometric and mechanical properties, which, as a rule, 
are determined at the final stage of design during production. 
In this case, complex application packages are used that allow 
for analysis and simulation using finite-element methods [22], 
as well as special laboratory benches for verification of results;

The disadvantage of the study is the inability to integrate 
ballistics and navigation software into finished software 
products such as ANSYS (USA) where there are integrated 
tools that allow analysis using finite-element methods. 

Thus, it is advisable to use the mathematical model (1)  
to (11) when choosing the design parameters of SIP with PL 
at the initial stage of design (conceptual design, pre-project 
research) where the possibility or impossibility of construct-
ing a system is determined [27].

In further studies, when estimating heat fluxes for SIPs 
of different geometric shapes, the  mathematical model can 
be sophisticated by introducing more nodal points to analyze 
temperature gradients. The degree of complexity of the mo-
del depends on the type of task and the design stage. 

7. Conclusions

1. The mathematical model of the influence of heat flows 
on the movement of payload attachment points and the 
equipment of the space inflatable platform resulting from its 
deformation has been improved. The use of this mathemati-
cal model makes it possible to quickly determine the degree 
of influence of heat flows of the cosmic environment on the 
change in the mass-inertial characteristics (inertia tensor) of 
a space inflatable platform with a payload. It is advisable to 
apply the developed model at the stage of conceptual design, 
or pre-project research (Pre-Phase A (Conceptual study) 
according to NASA standards).

2. The built mathematical model of the influence of 
heat fluxes on the mass-inertial characteristics of SIP with 
PL was verified by computer simulation. With the use of 
ballistic-navigation libraries and a software model of the 
influence of heat fluxes on the deformations of SIP, computer 
simulation of the orbital motion of SIP with PL was carried 
out. The simulation made it possible to determine the pecu-
liarities of the temperature difference of SIP shell, the gas 
inside SIP, and the change in the inertia tensor when moving  
along the solar and shadow sides of the orbit. 

3. The influence of the movement of PL attachment 
points and equipment on the change of the inertia tensor 
of SIP was investigated. The results showed a rather small 
effect of temperature fluctuations on the inertia tensor 
of SIP (10–5 kg·m2), which is explained by the sufficient 
strength characteristics of the selected material – Kapton. 
It is also determined that the deviations of PL attachment 
points from the initial position on the heated side of SIP 
shell are insignificant and amount to 10–6 m. Thus, given the 
stability of the structure to the effects of temperature flows 
of the space environment, the use of SIP as platforms for 
separating the grouping of satellites is possible.
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