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Abstract - Solution of the nano-acceleration problem of solid
body in the diluted gas environment is considered. To resolve the
problem, the interaction effect principle of kinematic solid bodies
in sparse atmosphere is used. The bodies differ by weights,
midsection areas, and facing resistances in the environment,
while there is a variety of moving options for the interaction of
solid bodies in sparse atmosphere in general. A brief
mathematical survey of algorithms, which determine
accelerations of moving objects in the diluted gas environment, is
presented. The nano-accelerometer algorithm for the object with
two solid bodies in case, where the body weights are constants or
changed occasionally in time, is studied. Specifications of the
body orbit under external forces in the sparse gas environment
are received depending on the orbit correction intervals.
Modelling of the object with nano-accelerometer is presented by
means of MatLab/Simulink software. Investigation results
confirm the effectiveness of using nano-accelerometer for this
class of real-world objects in the diluted gas environment.

Keywords — body interaction principles, braking and drift
accelerations, nano-acceleration measurement, nano-
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1. INTRODUCTION

The problem of determination of acceleration value for
objects moving in the rarefied gaseous environment is
substantial for various areas of science and technology
(ballistic gravimetry, micro-accelerometry, experimental gas
and aerodynamics of rarefied environments, etc.). Thus, it is
essential for the latest technologies to be related to space
technology. Thus, for example, poor accuracy in knowledge of
these values (accelerations) for driving space vehicles (SVs)
leads finally to comprehensive decrease in solution quality on
main objectives. Now, the level of solving the problem being
considered does not correspond to the requirements in
practice, as for its solution only calculus is applied, which is
distinguished through excessive complexity of calculations
and acceptable accuracy for objects of constant weight and
simple shape only [1].

Therefore, in practice the acceleration determination of
moving SVs is made by means of periodic “consensus” of
their values with the results of orbit radio monitoring.
Effectiveness of such “consensus” is insignificant, as this
method is indirect and contains all disadvantages of indirect
measuring methods due to the fact that the results of
measurements include various “confounding” factors, which
are almost incapable of selection by means of the existing
procedures of telemetric processing [2]. Therefore, searching
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for new approaches to such a solution represents theoretical
and practical interest.

The present article envisages one of such possible and
essentially new  solution methods of acceleration
determination of objects moving in the rarefied gaseous
environment. It is based on a new principle of object motion
acceleration in the rarefied gaseous environment named
‘specific and differential’. This method is based on the use of
interaction effect of kinematically connected rigid bodies
moving in the rarefied gaseous environment and
distinguishing among themselves through drag coefficients
against this environment [2, 3]. On the basis of this method, a
theoretical justification of the algorithm system of motion
acceleration determination of various objects having constant
and variable mass and dimension characteristics in the rarefied
gaseous environment has been performed. As the rarefied
environments dragging the motion of objects, analogues of
rarefied layers of the upper atmosphere of the Earth in the
altitude band from 1500 km and higher are considered; and as
the main research objects, which are the focus of the
developed method system, SVs of various target purposes
appear [3, 4].

Justification of new technical solutions is carried out by the
development and  research  of  nano-accelerometer
mathematical models considering key parameters of
kinematically bound rigid bodies and perturbing factors,
which affect them in actual conditions in case of SV motion in
low and medium-altitude circumterraneous orbits.
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Fig. 1. Scheme of the space vehicle motion
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Fig. 1 gives a scheme of SV motion placed into elliptic orbit
at a distance of 1800 km from the Earth surface. This scheme
shows two more orbits, on which the SV sinks under the
influence of external forces arising in case of SV motion in the
rarefied gaseous environment. Measurement of braking
accelerations and SV sinking values depending on time will be
researched with application of nano-accelerometer model [11].

II. THEORETICAL BASIS OF DETERMINATION OF OBJECT
MOTION ACCELERATION IN THE RAREFIED GASEOUS
ENVIRONMENT

A. Methodology of Determination of Object Motion
Acceleration in the Rarefied Environment and the Main
Accepted Assumptions

Taking into consideration the possibility of various versions
of rigid body interaction schemes for the rarefied gaseous
environment distinguished through quantity of bodies,
number, type, nature of used communications and some other
aspects, the present article outlines the results of research of a
simpler rigid body interaction scheme (Fig. 2 and Fig. 3).
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Fig. 2. The first version of the body interaction scheme
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Fig. 3. The second version of the body interaction scheme
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where the designations are as follows:

1 — the main body (studied object);

2 — the auxiliary body having normalized and known
parameters;

3 — the kinematic connections between interacting bodies.

On the basis of rigid body interaction scheme for the
rarefied environment (Fig.2), an algorithm system for
determination of motion accelerations of such a system in the
space at constant and variable mass and dimensional
characteristics of interacting bodies has been developed. Thus,
theoretical justification of the developed algorithms has been
carried out within the following assumptions.

1. Interacting bodies (main and auxiliary) are absolutely
rigid and have localized masses.

2. The auxiliary body has normalized and a priori known
parameters.

3. Kinematic connection has negligibly small mass in
comparison with mass of interacting bodies.

4. Distances between the bodies are insignificant and
comparable to the sizes of the main body.

5. Continuous medium is rarefied (Knudsen number

Ko >> 1) and there is a loose molecular flow of interacting
bodies, which is the basis of application of the ‘specific and
differential” principle.

6. Connected bodies move in the rarefied environment at a

certain speed V() and it is assumed that each of them is
affected by drag (drift) force of this environment.

As the distance between interacting bodies is insignificant,
it is possible to consider that the rarefied gaseous environment
around them is homogeneous during each moment of current
time. Besides, for simplicity of the considered model we shall
assume that kinematic connection, along which the interaction
between bodies occurs, is focused strictly on the speed vector

V() , 1.e., lateral forces of drift are negligibly small.

At the same time, in order to avoid unwieldy mathematical
equations of object motion in the rarefied environments, in
addition, we shall assume that the auxiliary body has one
degree of freedom in relation to the main body and can move
along the corresponding kinematic connection.

III. MATHEMATICAL MODEL OF ACCELEROMETER FOR OBJECT
MOTION ACCELERATION MEASUREMENT ON THE BASIS OF
INTERACTION OF TWO KINEMATICALLY CONNECTED RIGID

BODIES

In order to create a mathematical model of device of object
motion acceleration determination on the basis of the
interaction scheme of two rigid bodies, we will use the
materials given in [12].

It is possible to show the equation of interaction connecting

acceleration y(®) of the system of connection of two rigid
bodies with force, arising in kinematic connection between
them, through parameters of these bodies, through a ratio [2]:

= — oot @.1)
y _mOthl_mlhOHO : ‘

m . L .
where  °, ! are the masses of interacting rigid bodies;

H, H . . .
0, "I are the body reference areas of interacting bodies;

ho, hl are the drag coefficients of interacting bodies;
R® is the force of interaction arising in kinematic
connection between bodies.

Let us prove the formula (2.1). Singularity of interaction of
two rigid bodies, corresponding to specified conditions and
indicated previously in Fig.2 and Fig.3, consists in the
following. As bodies 1 and 2 have various drag coefficients
against the rarefied environment, in which they move at a

certain speed V(t), an interaction force R occurs in
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kinematic connection 3. Depending on where (ahead or
behind) the body with a larger drag coefficient in relation to
the body having a smaller drag coefficient is placed, this
interaction force will be the compressive force or the tension
force.

In particular, if the auxiliary body 2 has a larger drag
coefficient than the main body 1, for the option of their
connection shown in Fig. 2 the compressive force occurs in
communication 3, and for the option of their connection
shown in Fig. 3 it will be the tension force. In terms of
definiteness and, at the same time, without reducing the
generality, we study the laws of interaction of bodies by the
example of option of their connection given in Fig.2. As a
result, for the main and the auxiliary bodies the equation of
forces will be the following:

Y (t)mo + Fl(t) = y(t)mo 5
y,(Om, —F®) =y®m,,

(2.2)
(2.3)

m
where  °,

bodies;

lare the masses of the main and the auxiliary

yi(® , AU s y(®) are the braking or drift accelerations
(BDA) of the main body, auxiliary body and the system of two
connected bodies on the whole, respectively.

Accelerations are defined by the following ratios [3].

i) =mg'hH, f(p,V,1), (2.4

Y, =m"hH f(p.V.1), (2.5)

y)=(my+m )" (hyHy+h H ) (pV,1)  (2.6)
Function | (PV5D included in formulas (2.4)-(2.6)
determines the dependence of BDA of the rigid body on
density of rarefied environment P , in which it moves at a

certain speed V() . For example, in case of rigid body motion
in the rarefied gaseous environment this function is defined by

the ratio f(p,V,t)zp(t)Vz(t)/Z [7].

On the basis of ratios (2.2) and (2.4), we will receive:
F(p.V. 0 =(y(O)—m, 'F (O)mehy'H !

Having inserted this expression in (2.6), after simple
transformations, we will receive the required formula (2.1),

2.7)

connecting BDA y(®) with force R through parameters of
interacting rigid bodies. This equation will be called the
equation of system interaction of connection of two rigid
bodies.

Thus, for completeness of the exposition we will note that a
version of interaction of two rigid bodies with occurrence of
an ‘eclipse’ process is possible, i.e., when the auxiliary body
is in the shadow of the main body (see Fig. 3.)

This justification of sought methods is carried out for the
case when bodies do not ‘eclipse’ each other from influence of
the rarefied environment, in which they move at a certain
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speed of V(t). This case can be provided by means of
application of specific technical solutions either to the design
of the auxiliary body (for example, it is possible to use an
auxiliary body in the form of a torus) or to the arrangement of
kinematic connections (for example, by application of
extension bars).

In the case, when ‘the eclipse’ anyway takes place and no
specific technical solutions are applied to exclude it, it is easy
to show that the ratio (2.1) is brought to the form, in which
‘the eclipse’ of one body by another is taken into
consideration.

ho(Ho - H1)+h1H1
mOthl _mlho(Ho - H1)

y) = F.(t) (2.8)

The ratio (2.8) in more ‘adequate degree’ is described by
the options of interaction of rigid bodies presented in Fig. 2
and Fig. 3. It will be applied later by consideration of technical
implementation issues of the suggested methods for
determination of focused object motion acceleration.

In order to confirm the possibility of technical
implementation of the suggested method we will estimate a
concrete example of possible modification ranges subjected to

y(®) and () value measurement. Let us consider it with a
reference to low-orbital SV for the case, when the main body
(SV) has the weight of 5000 kg and the reference area is 5 m2,
and the auxiliary body has the weight of 5 kg and the
reference area is 2 m2.

Values of estimates on possible modification ranges

F (t)and y(®) depending on SV circular orbit altitude with
the use of dynamic model data of the atmosphere defined by
GOST 22721-77 for the minimum and the maximum of solar
activity [5] are given in Table I (columns 2 and 3 of Table 1
specify results without accelerometer application) (for
altitudes up to 500 km in columns 2,3). In column 4 of this
table, the estimates of acceleration received during the
modelling of accelerometer algorithms for the same altitudes
up to 500 km are added. The results of modelling confirm high
efficiency of the developed techniques and accuracy of
acceleration calculations by nano-accelerometer of this class
in case of object motion in the rarefied gaseous environments
(in low and average circumterraneous orbits).

Here we provide the program of object (SV) acceleration
calculation under the influence of forces (with the use of
atmosphere dynamic data).

F1=10"(-3)*[31.35 64.13 13.96 35.63 4.85 38.48 0.32
6.56 0.03 0.17]; F1'; % F1 for N;m0=5000; h0=2.0;
H0=5.0; m1=5.0; h1=2.0; H1=2.0;

y1 = (h0O*HO+h1*H1)*F1./(m0*h1*H]1-
m1*h0*HO0);yl", % yl,m/sec2

ans = [(2.2+4.5)e-005 (9.8+25)e-006 (3.4+27)e-006
(2.3+46)e-007 (2.2+12)e-008];
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TABLE I
ESTIMATED VALUES OF THE FORCE F; AND ACCELERATION
Orbit height, km Range of braking Range of acceleration in leference.s mn
Range of force, F, mN . acceleration
acceleration, m/sec2 system, m/sec2 o
measurement,%
1 2 3 4 5
180 31.35+64.13 (2.2+4.5)-10-5 (2.2+4.5)e-005 0
200 13.96+35.63 (9.8+25)-10-6 (9.8+25)e-006 0
300 4.85+38.48 (3.4+27)10-6 (3.4+27)e-006 0
400 0.32+6.56 (2.3+46)-10-7 (2.3+46)e-007 0
500 0.03+0.17 (2.2+12)-10-8 (2.2+12)e-008 0
IV. RESEARCH OF DYNAMIC CHARACTERISTICS OF NANO- lDi“lE‘E1
mpulse
ACCELEROMETERS WITH TWO RIGID BODIES BY MEANS OF ] a
MATLAB/SIMULINK B ]
For an objective assessment of opportunities of the developed Scopet Scope2
acceleration measurement method for rigid body motion in the . Froduct
rarefied gaseous environment and the algorithms implementing Display3 " Transfer Foné  Constants
this method, some dynamic and precision characteristics of I ot ® » numis) —
mathematical models of nano- accelerometers of this type have "~ denis) '
been studied.
The following characteristics are included: "
A) Definition of the transfer function (TF) of nano- : ]
accelerometer (Wi) and calculation of its dynamic " f——

Display1

characteristics: impulse(Wi), step(Wi) and 1sim(Wi,u,t).
a) Definition of TF (Wi) of nano-accelerometer model for ;- ] pll]

four values of main body weight (m0 = 5000kg, 1500kg, — L
1000kg and 700kg). OPET Step2 wopes
Product2
. . ™ Transfer Fon®  constant?
b) The output signal of nano-accelerometer for an arbitrary v | )
input signal (for example, a harmonic signal of ] " T e
[u,t]=gensig('sin',5,30,0.1) type for four weight values of the dents)

studied object model).

Fig. 4. Calculation scheme of nano-accelerometer characteristics

Fig. 5. a) impulse signal for Wsggo b) step signal for Wsggo

On the basis of the received nano-accelerometer transfer The model block diagram for calculation of specified nano-
functions, we will define pulse and transitional functions of accelerometer characteristics is provided in Fig. 4. Fig. 5a, 5b
W5000, W1500, W1000, W700 models in the SIMULINK  for W5000 model.
system.

137



Information Technology and Management Science

2012 /15

Therefore, the performed analysis of the main dynamic
characteristics of nano-accelerometer mathematical model
confirms that this device is an ‘ideal’ dynamic system.

B) Dependence of measured acceleration on the weight of
the studied object (mo).

In the course of object functioning, its weight constantly
changes (engine unit fuel component consumption, separation
of research structures and waste blocks of the object) that
leads to a change in its motion acceleration.

Dependence characteristics of measured acceleration yi on
the weight of the studied object (m0) for the existing force F1
in the range [3.2e-018+6.413e-002]N are calculated with the
use of MATLAB functions. The received results are presented
in Table 2 (columns 3,4,5 and 6).

Figures 6a, 6b, 6¢c specify the results of calculations of
acceleration of driving of object for four values of its weight
under the influence of force F1 in the following four ranges.

Therefore, schedule analysis provided in Fig. 6a, 6b and 6¢
confirms a linear dependence of measured acceleration on the
interaction force between two rigid bodies in all range of force
change for actual weight values of the studied object.

C) Dependence of measured acceleration on random
changes of object weight (mo).

In the course of object functioning, a random decrease in its
weight is possible. Fig. 7 contains the results of object motion
acceleration changes in case of a random decrease in its

weight for four options of its rated values (mOi-
X 10° Characteris 2Tbody Nano-Accelerometer y=f(F,m0)
3
! ! ! mo=700k ! L
| | | | "
o5l - - 0 L _L___ax™a™a7 |
I I I I | I
o | | | | //\/ |
) gy |
E | | | e | |
2 | | | | | |
€ el LT ____J
B | | mO=1000kg_ | |
I I I I
g 1J/JL — _ - - - _
I I | | I
I I | =1500kg—__| I
05 — — — = L _ ,J,,,,L,,Qh{,,\ ,,,,,
OD 0.01 0.02 0.03 O.‘O4 O.‘OS O.‘OG 0.07

F(N)

Fig. 6a. Nano-accelerometer characteristics with the function y,=f(F, m)

x 10 Characteris 2Tbody Nano-Accelerometer y=f(F1,m0)
T T T T

w IS @ ) ~

Nano-Acceleration y,(m/secz)

N

0 02 04 06 08 1 12 14 16 18
F(N) 12

Fig. 6¢. Nano-accelerometer characteristics with the function y;=f(F;, mo)
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abs(3*rand(1,36)) under the influence of force F1 in F1 range
[3.2e-018+6.413e-002],N. For the purpose of comparison, this
schedule shows characteristics (shown by the dotted line) for
the case when the random component in weight change is
absent.

These results show that a random decrease in the weight of
the studied object in the course of its motion in a
circumterraneous orbit does not change the linearity of
characteristics of acceleration dependence on the existing
force.

Therefore, these results show that a random decrease in the
weight of the studied object in the course of its motion in the
circumterraneous orbit does not change the linearity of
characteristics of acceleration dependence on the applied
force.

D) Measured acceleration dependence on random changes
of the force existing between interdependent bodies.

In the course of object motion on the orbit, the force of
interaction between the studied and the reference bodies has
the random component depending on the condition of rarefied
gaseous environment in the concrete time interval of motion.

Fig. 8 gives the characteristics of acceleration change in
case of random changes in the weight of the object (m0i-
abs(3*rand(1.36)) and in the force of
F3r=F1+0.02*F1*rand(1.36), affecting the object (solid lines)
and for the option when there is no component of the random
component weight (dashed lines).

x 108 Characteris 2Tbody Nano-Accelerometer y=f(F1,mO0)
8
| | | | \m°:7°‘9k9\4\\///
I | | | | ] | 1
7"ttt 1 _ =L
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R e e el it e B B e Sty
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7y s
g | | | A | MO=10Q0k |
N FE N o DO D I U
| | e | | | |
N | [ | | | |
[~ 7 ¢/ T T ——"Tmo=1800kg— L (T~ " "
| 1 | T | | I |
1k ———= - = —I— - — —l— = = —Imo=5000kg-——= 1 — — — + — — — 1
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Fig. 6b. Nano-accelerometer characteristics with the function y,=f(F;, my)

2Tbody Nan y=1(F1,m0)
T T T
| | |

mo=700-abs@4rand(1,36)

35— - - — e B e i T B:;/L***

O:argai:z;uﬂTl,Esﬁ *******

L nh0=5000-abs(31rand(1,36))
| |
i THO=5000K. |
9 0.01 0.02 0.03 ©0.04 0.05 0.06 0.07
F(N)

o

Fig. 7. Nano-accelerometer characteristics with the function y,=f(F;, mo)
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E) Dependence of object drift value on the applied force in
the given time interval for various weights of the studied body.

The main result of external force effect on the object
moving in the rarefied gaseous environment is represented in
the form of a drift of this object from the orbit. Parameters of
the drift value depend on many factors bound to specifics of
the program of object motion in the rarefied gaseous fluid.

Therefore, the results show that a random decrease in the
weight of the studied object in the course of its motion in the
circumterraneous orbit and random fluctuations of the applied
force does not change the linearity of characteristics of
acceleration dependence on this force.

Table II shows the results of drift value estimation (column
4) of the object with the given weight depending on its stay
time (hour, month, year) at the corresponding altitude of the
orbit and for the given range of the external forces applied to
the object. Results of calculations of object sink value from
the orbit for three time intervals, given in Table 2, are proven
by calculations in the Simulink modelling. The block diagram
of modelling system for object drift from the given orbit for 3
time intervals is provided in Fig. 9. Received results on object
sinking in 3 time intervals for altitudes

a)180-500km, b)600-1000km, ¢)180-1200km are provided
in the schedules.

x 10" Characteris 2Tbody Nano-Accelerometer y=f(F1,F3r,mOi)

mO=7OQ‘)-abs (3*rand(:|‘(‘ 36));F3r

T
- | |

_4T0=1000-abs(3*rand(1,36)); F3r |
=

NroACHErtiony=IF, ) sec)

=
,,,,,,,,,,,,, o == L ______]
| | mo= 0-abs(3*rand(1.36)):E3r |
" | | — 7 O—:L?E)dkg,&3|$1
osl - - ——_ 4T _ = X L_____ _
- 4;‘ —— | mO=50p0-abs (3*rand(1,36)):F3r |
=7 =
= = t | | | !
o= = n T MO=5000kg:F3r 1
o 0.01 0.02 0.03 0.04 0.05 0.06 0.07

F1(N)

Fig. 8. Nano-accelerometer characteristics with the function ys=f(F;, Fs,, mei)

Cisplay™
ConstantS
[0.17Fe003 & 58=002 3 848002 2 5632002 & 413=-002] |
[ oo===3]
‘J

F—— Products
Constants
4

00002508 <_| (2-5+2. 120 SP(FO0-Z. 12~ 5-50~2-5) |
.
[—
-

=< -
CorgRpiE, 0 Eroduoe 1 709=+005

1. 7e-00%
1 7e-005
1 7e 007
1 7e D08
1. 7005

Saing Displays

Constants

[172e010 1720082 17008 17007 17=-006] ‘

7.7 o

A A
a ol (ol |
ol of | o f el | e
D PP
ol ool g o
al|gl g4 =
=1l |l ] | & | =

Constant?

<
(Z~E=2 120 S){FTO0~2 13~ 5

261

om

=]

— |

Y

1

|
kit
al | 5]

13

Constants

Display13

1re-010

Display14

B . E1==004

O.5<(20-286400)"2 81e+005

I
|

S1es000

[

Froducts

EainS Display12
Constant11

(1Te—012 21Te—011}

Products

¥ rooe-013

Constant10

¥ rooe-012

-t >
[2~5+2.12"0.5M[7TO02. 12" 5-50"2"5)

Constant12

Y

Product10
Display1s

i
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TABLE I
RESULTS OF DRIFT VALUE ESTIMATION, DEPENDING ON THE FORCE, WEIGHT AND ACCELERATION
Orbit Range of acceleration for Range of orbit drift distance for
. Range of force, F, - _
height, m0=5000kg;1500kg;1000kg;700kg , m0=5000kg; 1500kg; 1000kg; 700kg , kv /
mN o oe
km m/sec2 Drift time, hrs
1 2 3 4 5 7(3) 7(4) 7(5) 7(6)
180 31.35+64.13 ((7.2+14.8);(32+65);(62+127);(143+293))e-005 ((4.2+8.62);(19+38);(36+74);(83.6+171)/3 hrs
200 13.96 + 35.63 ((3.2+8.2);(14+36);(27.6+70.3);(64+163))e-005 ((1.9+4.8);(8.3+21)= (16+41) +(37+95) /3 hrs
300 4.85+38.48 ((1.1+8.9);(4.9+39);(9.6+76);(22.2+176))e-005 (0.65+5.2);(2.9+23);(5.6+44);(12.9+103)/3 hrs
400 0.32 +6.56 ((0.74+15)3(3.3+67);(6.3+130);(14.6+300))e-006 (0.043+0.88);(0.2+3.9);(0.37+7.6);(0.853+18)/3 hrs
. O e 0. . . g (0.004+0.023);(0.018+0.1);(0.035+0.2);(0.08+0.45)/3 hrs

500 0.03 +0,17 ((0.69+3.9);(3+17.3);(5.9+33.6);(13.7+77.7))e-007 (0.016-0.091)(0.071-0.4)-(0.138-0.78):(0.32=1.8)/6 hrs
600 (3.2+17)e-003 ((0.74+3.9);(3.2+17.3);(6.32+33.6);(14.6+77.7))e-008 (25+132)+ (109+580);(212+1128);(491+2610)/1 month
700 (3.2+17)e-004 ((0.74+3.9);( 3.2+17.3);( 6.32+33.6);(14.6+77.7))e-009 (2.5+13.2);(11.0+57.9);(21.2+112.8);(49.1-261)/1 month
800 (3.2+17)e-005 ((0.74+3.9);( 3.2+17.3);( 6.32+33.6);(14.6+77.7))e-010 (0.248+1.32);(1.1+5.8);(2.1+11.3);(4.91+26.1)/1 month
900 (3.2+17)e-006 ((0.74+3.9);( 3.2+17.3);( 6.32+33.6);(14.6+77.7))e-011 | (0.025+0.132);(0.11+0.58);(0.212+1.13);(0.49+2.6)/1 month
1000 (3.2+17)e-007 ((0.74+3.9);( 3.2+17.3);( 6.32+33.6);(14.6+77.7))e-012 (0'00%0'013);(0'01%0'01161);:1?}'102%0'1 13)(0.05:0.26)'1
1100 (3.2+17)e-008 ((0.74+3.9);( 3.2+17.3);( 6.32+33.6);(14.6+77.7))e-013 (0.036+0.2);(0.157+0.83);(0.306+1.62);(0.71+0.376)/1 year
1200 (3.2+17)e-009 ((0.74+3.9);(3.2+17.3);(6.32+33.6);(14.6+77.7))e-014 (0.004+0.02);(0.016+0.08);(0.03+0.162);(0.07+0.38)/1 year
1300 (3.2+17)e-010 ((0.74+3.9);( 3.2+17.3);( 6.32+33.6);(14.6+77.7))e-015
1400 (3.2+17)e-011 ((0.74+3.9);( 3.2+17.3);( 6.32+33.6);(14.6+77.7))e-016 For next heights the drift distance is less
1500 (3.2+17)e-012 ((0.74+3.9);( 3.2+17.3);( 6.32+33.6);(14.6+77.7))e-017
1600 (3.2+17)e-013 ((0.74+3.9);( 3.2+17.3);( 6.32+33.6);(14.6+77.7))e-018
1700 (3.2+17)e-014 ((0.74+3.9);( 3.2+17.3);( 6.32+33.6);(14.6+77.7))e-019
1800 (3.2+17)e-015 ((0.74+3.9);(3.2+17.3);(6.32+33.6);(14.6+77.7))e-020

V. CONCLUSIONS

Given research results on nano-accelerometer development
for measurement of accelerations of the objects moving in the
rarefied layers of the upper layer of the Earth atmosphere in
the altitude range up to 1000 km confirm the effectiveness of
their application in control systems of the objects, functioning
for a long time in the given orbits. Acceleration measured by
nano-accelerometer will be used for correction of object
motion in the given orbit under any changes of perturbing
factors.

Nano-accelerometers of this class can be used in control
systems of the space objects, whose motion orbits can be
located at larger distances from the Earth. An electric solar sail
can be used as such an object [12]. Its functioning specifics
pertain to the fact that solar radiation can be used as the main
force initiating its motion in the given orbit. This force is able
to move a sail of 200 kg weight with acceleration of 1
millimeter/sec2, and within one year its speed in the orbit
reaches the value of 30km/second. The development of nano-
accelerometer algorithms for the electric solar sail is a real
challenge.
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When a solar sail moves, solar radiation acts as the main
perturbation factor.

Thus, first of all, analogues of rarefied layers of the upper
atmosphere in the altitude range up to 1000 km and also
analogues of environments for altitudes over 1000 km, where
the light pressure is the main perturbation factor, have been
considered as the rarefied environments resisting the object
motion. Respectively, in the first case we have taken the
coefficients of aerodynamic forces for the coefficients of
resistance against object motion in the rarefied environments,
and in the second — light pressure force coefficients.
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Aleksandrs Matvejevs, Andrejs Matvejevs. Cieta kermena nanopaatrinajuma mériSana retinata atmosféra

Raksta tiek apskatita cieta kermena, kas kustas retinata gaz€, nanopaartindgjuma problé€mas risinasana. Par retinato vidi, kas pretojas objekta kustibai, pienem
Zemes augsgjo retinato slanu analogu augstuma diapazona no 1500 km un augstak. Par pétjjuma galvenajiem objektiem, uz kuriem orientéta izstradato metozu
sistéma, tiek nemti dazadu mérku kosmiskie aparati. Sis problémas atrisina§anai izmanto principiali jaunu metodi, ka noteikt objekta kustibas retinata gazé
paatrindjumu. Pamata ir kinematiski saistitu cietu kermenu, kas parvietojas retinata gazé un atSkiras ar masu, ,zelta” $k€luma laukumu un pretestibas
koeficientiem savstarpgjas iedarbibas princips. Turklat, vispariga gadijuma var bt loti dazadi cieto kermenu savstarpgjas iedarbibas varianti. Raksta sniegts iss
tada algoritma matematiskais pamatojums, ar kuru var noteikt objekta, kas atrodas retinata gaze, paatrindjumu. Veikta nanoakselerometra algoritma izp&te
objektam no diviem cietiem kermeniem, kad objekta masa ir nemainiga vai mainas nejausos laika momentos. legiiti pétama objekta, kas atrodas retinata gaze
argjo speku iedarbiba, kustibas orbitas izmainu raksturlielumi, kas atkarigi no laika intervala starp orbitas automatiskas korekcijas reZimiem. Modelgjot ar dotas
klases nanoakselerometru p&tama objekta funkcion&$anas Tpatnibas, tika izmantotas MatLab funkcijas un Simulink. P&tiSanas rezultati apstiprina dotas klases
nanoakselerometru izmantoSanas efektivitati realiem objektiem, kas funkcioné retinata gaze€. Ar nanoakselerometru noteiktie paatrinajumi tiks izmantoti objekta
kustibas korekcijai dotaja orbita pie jebkadiem izmainas veidojosiem faktoriem. Sis klases nanoakselerometri var izmantot kosmosa aparatu, kuru kustibu orbitas
atrodas liela attaluma no Zemes, vadibas sistémas. Tads aparats var€tu bit elektriska saules bura, kuras kustibu pa doto orbitu galvenokart nodroSina saules
radiacija.

Anexkcanap MatseeB, Anjapeii Marsees. HaHo-akcesiepoMeTpbl JUIsl H3MepPeHUsl YCKOPEHMIl NPH ABM:KeHHH 00beKTOB B Pa3peKeHHbIX I'a3oBbIX
cpegax

B crarbe paccmarpuBaercst peiieHue npodiaeMbl ONpEeeIeHUs HAaHO-yCKOPEHUs! JIBM)KEHUS TBEPJOrO Tela B pa3pexxeHHOW raszomoit cpene. IIpu stom B
KauecTBE Pa3peKEHHBIX CPell, OKA3bIBAIOIINX CONPOTUBICHHE ABIDKCHHIO OOBEKTOB, PACCMATPUBAIOTCS aHATIOTH PA3pPEKEHHBIX CIOEB BepXHeH aTMochephl
3emn B nuamazoHe BBICOT 10 1500 kM u Goree, a B KadeCTBE OCHOBHBIX OOBEKTOB HCCIIEOBAHMS, HA KOTOPHIE OPHEHTHPOBAHA CHCTEMA Pa3pabOTaHHBIX
METOJIOB, BBICTYNAIOT KOCMMYECKUE aNlapaThl Pa3IMYHOrO LEJEBOro Ha3HaueHUs. s peleHus: JaHHO! Ipo6JIeMbl MCIIOIb3YeTCsl MPUHIMINAIBHO HOBBIN
croco0 OmIpeneneHuss YCKOPEHHs IBIDKCHHS OOBEKTOB B pa3peKEHHBIX Ia30BBIX cpelax. B ero ocHoBe nexur mpuHIuO 3¢¢exTa B3auMOomeHcTBUS
KHHEMaTHYeCKU CBS3aHHBIX TBEPIBIX TEJl, ABIDKYIIMXCS B Pa3pe:KeHHOU ra30BOH cpelie W OTIMYAIONINXCS MeXIy co00i Maccol, IIOMmaablo MUAEIEBOIO
ceyeHHsT U Kod(huIHEeHTaMH JI000BOrO compoTuBieHust d1oit cpexme. Ilpu aToM, B 0OwmieM ciydae, BO3MOXKHBI CaMble Pa3HOOOpa3HbIE BapHAHTHI
B3aUMOJICHCTBHS TBEPABIX TEJN B Pa3peKEHHOH ra3oBoil cpene. B crarbe NaHO KpaTkoe MaTeMaTHYeCKOe OOOCHOBAaHME AITOPUTMOB OINPEICICHUS
YCKOpEHHUs ABIDKEHHS OOBEKTOB B pa3pekeHHOH rasoBoil cpexe. IIpoBeneHo uccieqoBaHHE alrOpUTMa HAHO-aKceIepoMeTpa A OObeKTa ¢ ABYMS
TBEPIbIMH TeJlaMH JUIsl CIydyaeB, KOIJa Macca MCCIeAyeMOro Tejla HNOCTOSIHHAa WIIM M3MEHseTcsl cilydaifHo Bo BpeMeHH. IloiydeHbl XapaKTepHCTHKH
HU3MEHEHMs] OPOHUTHI UCCIIEAyeMOro Tela HoJ BO3ACHCTBHEM BHEUIHHX CHI B Pa3peKEHHOU ra3oBOH cpelie B 3aBHCHMOCTH OT MHTEPBalla BPEMEHH MEXIy
peXUMaMy aBTOMAaTHUeCKOil KoppeKIuu opOHT. MozxenupoBaHue ocoOCHHOCTEHl (YHKIHMOHHPOBAHHS HCCIELYyeMOro OOBeKTa ¢ HAaHO-aKCEIePOMETPOM
JaHHOTO Kilacca mnpoBoawiock ¢ npumeHeHneM ¢yHkumidi MATIJIAB u Cumynusk. Pe3ynpTaTbl HCCleIOBaHHH HOATBEPKAAIOT 3((HEKTHBHOCTH
HCIIONB30BAHHS HAHO-aKCEIePOMETPOB JaHHOTO KiIacca ISl peallbHbIX 00BEKTOB, (QyHKIMOHUPYIOIIUX B Pa3peKeHHOH ra3oBoi cpene. I3MepeHHOEe HaHO-
aKCeIepOMETPOM yCKOpeHHe OyleT HCHOIb30BaThCs UL KOPPEKIUH ABIDKEHHs 00BEKTa Ha 3aJaHHOH OpOHTE MU JIIOOBIX M3MEHEHHSIX BO3MYIIAIOIINX
(axropoB. HaHo-aKkceslepoMeTphl JaHHOTO KJIAcCa MOTYT HAWTH NIPUMEHEHHE B CHCTEMAaX YIPABICHUsI KOCMUYECKHX OOBEKTOB, OPOUTEI JIBHXKEHHS KOTOPBIX
MOTYT HaXOJHUTHCS Ha OONBIINX PACCTOSAHMAX OT 3eMiu. B kadecTBe Takoro o0beKTa MOXKET BBICTYIATh IEKTPHUECKHI COMHEUHbIN Hmapyc. OcoOeHHOCTh
(YHKIMOHHPOBAHMS TAaKOTO COJNHEYHOrO IMapyca 3aKIIO9aeTcs B TOM, YTO OCHOBHOH CHIIOH, obecredmBaromieil ero JBIDKEHHE Ha 3alaHHOI opOwure,
SIBJISIETCS COJTHEYHAsI PaIHalInsL.
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