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SEMI-ANALYTICAL METHOD FOR CALCULATING ELASTIC-HYDRODYNAMIC CONTACT 
 

V. A. Ivanov1, 3*, N. V. Erkaev2, 3 

 

1 Institute of Computational Technologies SB RAS 
6, Akademika Lavrentyeva St., Novosibirsk, 630090, Russian Federation 

2 Institute of Computational Modeling SB RAS 
50/44, Akademgorodok, Krasnoyarsk, 660036, Russian Federation 

3 Siberian Federal University, Polytechnic Institute 
26, Akademika Kirenskogo St., Krasnoyarsk, 660074, Russian Federation 

*E-mail: VinTextrim@yandex.ru 

 
A semi-analytical method for calculating elastic-hydrodynamic contact based on the partial use of Computer Aided 

Design / Computer Aided Engineering (CAD / CAE) packages and solutions of the integral equation of functional 
relationship between pressure and deformation have been described. The pressure in the lubricating layer is described 
by solving the modernized Reynolds equation taking into account the factors such as elastic deformation of surfaces in 
the contact zone, cavitation effect in the low-pressure region, and variable viscosity of the lubricant layer, which 
depends on thermodynamic parameters. Based on the stationary solution, a tensor damping coefficient has been 
obtained, with the help of which calculations of transient non-stationary modes that occur in cases of a sharp change in 
the external load have been further performed. A comparison of the results of modeling a plain bearing obtained by 
using the proposed semi-analytical method has been made and the full calculation performed using CAD / CAE 
programs such as ANSYS and COMSOL Multiphysics. The comparison showed good convergence of all numerical 
methods. At the same time, the “hybrid” method showed a number of advantages over  direct calculations in CAD / 
CAE packages, such as: faster calculation speed, low requirements for computing resources and accounting for the 
cavitation effect. The described semi-analytical method allows to create digital twins of bearing units, centrifugal 
pumps and hydraulic supports used in satellite cooling systems and in rotary mechanisms of ground-based satellite 
dishes. 

 
Keyword: hybrid modeling, digital twins, elastic-hydrodynamic contact. 
 
ПОЛУАНАЛИТИЧЕСКИЙ МЕТОД РАСЧЕТА УПРУГО-ГИДРОДИНАМИЧЕСКОГО КОНТАКТА 

 
В. А. Иванов1,3*, Н. В. Еркаев2,3 

 
1 Институт вычислительных технологий СО РАН 

Российская федерация, 630090, г. Новосибирск, просп. Академика Лаврентьева, 6 
2 Институт вычислительного моделирования СО РАН 

Российская федерация, г. Красноярск, Академгородок, 55, стр. 44 
3 Сибирский федеральный университет, Политехнический институт 

Российская Федерация, 660074, г. Красноярск, ул. Академика Киренского, 26 
*E-mail: VinTextrim@yandex.ru 

 
Описан полуаналитический метод расчета упруго-гидродинамического контакта, основанный на частич-

ном использовании Computer Aided Design / Computer Aided Engineering (CAD/CAE) пакетов и решения инте-
грального уравнения функциональной связи между давлением и деформацией. Давление в смазочном слое  
описывается решением модернизированного уравнения Рейнольдса с учетом таких факторов, как упругая  
деформация поверхностей в зоне контакта, эффект кавитации в области низкого давления, переменная  
вязкость смазочного слоя, зависящая от термодинамических параметров. На основе стационарного решения 
получен тензорный коэффициент демпфирования, с помощью которого далее выполняются расчеты переход-
ных нестационарных режимов, возникающих в случаях резкого изменения внешней нагрузки. Проведено сравнение 
результатов моделирования подшипника скольжения, полученных с помощью предложенного полуаналитиче-
ского метода и полного расчета, выполненного с помощью CAD/CAE программ, таких как ANSYS и COMSOL 
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Multiphysics. Сравнение показало хорошую сходимость всех численных методов. При этом «гибридный» метод 
показал ряд преимуществ по сравнению с прямыми расчетами в CAD/CAE пакетах, таких как более быстрая 
скорость расчета, невысокие требования к вычислительным ресурсам и учет кавитационного эффекта.  
Описанный полуаналитический метод позволяет создавать цифровые двойники подшипниковых узлов, центро-
бежных насосов и гидроопор, использующихся в спутниковых системах охлаждения и поворотных механизмах 
наземных спутниковых антенн. 

 
Ключевые слова: гибридное моделирование, цифровые двойники, упруго-гидродинамический контакт. 
 
Introduction. In today's world, practically any engi-

neer designing a moving mechanical system faces contact 
tasks in friction units. Modern trends in the design of air-
craft friction units set severe constraints: maximum 
weight reduction with full durability retention. One of the 
most difficult things is contact problems of elastic-
hydrodynamic interaction between two bodies, as it re-
quires simultaneous consideration of many factors, such 
as elastic surfaces deformation, pressure and temperature 
dependent viscosity of the liquid layer and lubricant 
foaming in low pressure zones. The most challenging 
problem is deformation of the elastic surface, as under 
high loads it significantly affects the value of the geomet-
ric clearance in the liquid layer. There is a number of ap-
proximate analytical solutions to such problems [1–6], 
obtained within the framework of simplifying assump-
tions, which do not allow to solve the contact problem 
with high accuracy. Various multidisciplinary CAD/CAE 
software applications are now widely available (CAD – 
Computer Aided Design, CAE – Computer Aided Engi-
neering) Complexes (ANSYS, SolidWorks, COMSOL 
Multiphysics, etc.). However, the use of such complexes 
for calculating non-stationary elastic-hydrodynamic tasks 
faces considerable difficulties due to the presence of very 
thin layers, huge pressure drops and rigidity of non-
stationary tasks, which require very short steps in time 
and space. All these lead to sufficient computational and 

time costs. In this case, it makes sense to combine ana-
lytical methods with limited numerical modeling to solve 
specific engineering problems. Such an approach of “hy-
brid” modeling allows to build a complete digital dynamic 
model of a projected or real unit, and to study its operabil-
ity when various external factors change. This is particu-
larly true for hard to access or completely unserviceable 
units, such as centrifugal pumps used for spacecraft cool-
ing systems [7]. As an example, we will use the plain 
bearing schematically shown in fig. 1. 

Here, ω is the angular speed of shaft rotation, φ is the 
azimuthal angle counted clockwise from the maximum 
clearance point, η and R0 are eccentricity and radius of the 
cylindrical shaft, R1 is the inner radius of the liner, R2  
and R3 are the inner and outer radii of the cylindrical case, L 
is the bearing length. In calculations we use zero bound-
ary conditions for deformations at the specified external 
boundary of the bearing case. A thin layer of liquid lubri-
cant, called a lubricating layer, is disposed between the 
shaft and the liner. We also set zero boundary conditions 
for pressure at the bearing ends. 

Separation of elastic and hydrodynamic tasks. One 
promising way of simplifying a general elastic-
hydrodynamic problem is to divide it into sequentially 
solved simpler tasks: a hydrodynamic task related to pres-
sure determination in liquid layer, and a contact task 
based on the determination of elastic deformation.  

 
 

 
 

Fig. 1. Geometric diagram of a plain bearing:  
1 – shaft; 2 – bronze liner; 3 – case 

 
Рис. 1. Геометрическая схема подшипника скольжения:  

1 – вал; 2 – бронзовый вкладыш; 3 – корпус 
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The relationship between elastic strain and pressure 
can generally be represented as follows: 

     ' 'x P x K x x d


    ,           (1) 

where δ and P are surface deflection and corresponding 
pressure, Ω is a contact pad. Function K(x –x′), which is a 
kernel of linear functional will be called flexibility func-
tion. 

Flexibility function of K(x – x′) is a key element in the 
method of elastic and hydrodynamic task solutions. It is 
important to note that this function can be defined inde-
pendently of the hydrodynamic problem solution. Thus, 
by setting some pressure distribution at the boundary of 
the bodies, it is possible to define appropriate deflection 
function δ as a result of the solution to the elastic problem 
for contact bodies.  

Further, under the known functions δ and P, equation 
(1) can be considered as an integral equation with refer-
ence to function K (x – x′) which can be solved by de-
composition on some orthogonal basis: 

     
0

' ' '
n

k k k k
k

K x x M x x N x x


         ,   (2) 

where Mk and Nk are orthogonal decomposition coeffi-
cients. In most cases, Ω zone can be considered rectangu-
lar and select trigonometric functions as basic functions 
for which the following equations are true: 

         
         

' ' ' ,

' ' ' .

k k k k k

k k k k k

x x x x x x

x x x x x x

      

      
    (3) 

Adding (3) to (1), the following quotation system is 
obtained 

     

     

2

2

,

.

k k k k k k

k k k k k k

M P N P

M P N P

        

        
    (4) 

where 

   2 2
k k k k k k         .   (5) 

As a result of the system solution (4), the orthogonal 
decomposition coefficients Mk and Nk, are calculated, 
thereby flexibility function is determined (2). It is impor-
tant to note that restoring the flexibility function is an 
“incorrect task” [8] in which small-scale errors in the in-
put data cause significant deviations in the outcome re-
sults. Therefore, to smooth the flexibility function, it is 
necessary to apply regularization [9]. 

Calculation of pressure. Pressure distribution P in 
the lubricating layer is determined from Reynolds equa-
tion [10] 

 
3 1

div
12 2

h h
P V h

t

  
      


,            (6) 

where h – liquid layer thickness, V – sum of body veloci-
ties in the contact point 

1 2V V V 
  

. 

At the same time thickness of the liquid layer h con-
siders both the geometrical clearance between the contact-
ing hg bodies and the deformation of elastic  of the sur-
face caused by excessive pressure in the layer 

     
2

0

1 cos , 0;

0, 0,

h P K d P

V h P



           

  




 (7) 

Where K (φ – φ') is a flexibility function independent 
of the pressure distribution in the layer, but taking into 
account the geometric and elastic properties of the con-
tacting materials [11]. 

It should be noted that equation (7) takes into  
account the cavitation effect (foaming) under negative 
pressure. 

Importantly, viscosity of the lubricant layer  strongly 
depends on the temperature T and pressure P. There is a 
set of empirical models of liquid layer viscosity change 
[12; 13], however the most accurate of which is 
Petrusevich's formula which approximates dependence of 
viscosity on temperature and pressure in an exponential 
view: 

  0 0, exp( )P T P T     ,                 (8) 

where  is piezoelectric coefficient characterizing the 
change in viscosity depending on pressure, 0 is dynamic 
viscosity at P = 0, Ω0 is a so-called viscosity slope  
coefficient. 

Thermal calculation. Calculation of heat generating 
power Q for the plain bearing operating in hydrodynamic 
mode is defined by 

2 23
2

2
1

1

12

h P P
Q V

y hR

                  
.         (9) 

Let’s write down the thermal conductivity equation in 
cylindrical coordinates: 

2

2 2

1 1
0

T T
r

r r r r

         
.      (10) 

Solution to equation (10) can be represented as Fou-
rier decomposition: 

 0 0
1

cos( ) sin( )k k
k

T a a k b k T




      .   (11) 

At the inner boundary under r = R1 we have a bound-
ary condition for heat flow from the lubricating layer: 

T
Q

r


 


,                                (12) 

where Q is the heat generating power in the lubricating 
layer, defined by formula (9). The heat emission power 
function is also Fourier decomposed by harmonics: 

 0
1

cos( ) sin( )k k
k

Q k k




      ,          (13) 

2

0

1
( )cos( ) ,k Q k d



    
   
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2
*

0

2

0
0

1
( ) sin( ) , ( 1, 2, 3...);

1
( ) .

2

k Q k d k

Q d





     


   





 

At the outer boundary we set the ambient tempera- 
ture T0: 

3 0( )T R T .                     (14) 

Applying Fourier decomposition to formula (12), we 
obtain the equations 

,k
k

a

r


  


   * .k

k
b

r


  


           (15) 

Here, the factors ak, bk  satisfy the differential equa-
tions: 

2

2

1
0k

k
a k

r a
r r r r

       
, 

2

2

1
0k

k
b k

r b
r r r r

       
, 

   01
0

a
r

r r r

      
.                         (16) 

While solving equations (16), we define coefficients 
ak and bk: 

*
, , , ,, ,k j k j k k j k j ka a b a              (17) 

3 31
1 1

3 1
31

3 1

1
k k

k k k

R RR
a

k R RRR

R R

 

    
      

               
    

 , 

31
0

1

ln
RR

a
R




 . 

Non-stationary loading. In case of sharp changes of 
external load F, disturbances in center-of-mass velocity 
occur, causing non-stationary shifts of liquid layer thick-
ness and pressure distribution in contact zone, which 
leads to the change in the force reaction of the liquid layer 
against the external load associated with the pressure  
by the equation 

W PNdx 
 

 .                          (18) 

Under minor center-of-mass velocity disturbances, 
equation (18) can be represented as decomposition 

 0 c cW W x x  
     .           (19) 

Here, the left part of the equation takes into account 
stationary bearing capacity of W0, while the right part – 
velocity disturbance in the center-of-mass, the tensor co-
efficient λ is a layer damping coefficients matrix. These 
coefficients determine pressure relaxation in the lubricat-
ing layer during non-stationary transient processes. The 
found functions of stationary carrying capacity and damp-
ing coefficients allow to write equation of body dynamics 
in the following form: 

 0c c cMx x W x F    
   .               (20) 

The above method allows to find a self-consistent 
non-stationary solution to the problem of elastic-
hydrodynamic interaction of bodies with any geometric 
parameters, with respect to their deformation. Based on 
this method a program has been written (in more detail 
[14]), which allows to efficiently calculate the self-
consistent pressure distribution in the lubricating layer of 
the plain bearing. However, by changing clearance equa-
tion in the lubricating layer for another type of contact, 
the program becomes universal. 

Comparison of proposed calculation method with 
CAD/CAE programs. Calculation of plain bearing lubri-
cating layer (fig. 1) applying the above method is com-
pared with the same calculation using ANSYS software 
complex based on finite element method. The calculation 
flowchart for both methods is shown in fig. 2.  

Let's consider fig. 2 in more detail. In the first step of 
the “hybrid” method, we model the elastic deflection of 
the plain bearing in the ANSYS program (any other cal-
culation program can be used, this is not fundamental) 
and set the load as an arbitrary distribution of pressure 
along the surface. As a result of calculation, elastic  
deflection of the liner is determined, which finishes the 
complex CAD/CAE programs use. 

Further, knowing the pressure distribution in the lubri-
cating layer and the corresponding elastic deformations, 
we restore the flexibility function according to the method 
described above. Then we shift to iterative calculation of 
lubricating layer [14], which takes into account variable 
viscosity of lubricant, cavitation effect, temperature 
change inside the layer and deformation of elastic surface. 
It is important to note that this algorithm is easily imple-
mented in almost any software environment and makes 
calculations quickly and accurately for any load or eccen-
tricity values. 

When performing a full calculation in an ANSYS 
package, it is initially necessary to simulate the lubricat-
ing layer in ANSYS Fluid Flow, which at first glance 
should not cause any problems. However, at values of 
relative eccentricity of bearing more than 0.8 there are 
difficulties in modeling as the value of lubricating layer 
thickness becomes less than permissible (10–7 m). With 
these values, most CAD/CAE programs issue a simula-
tion error and build a surface rather than a solid. In addi-
tion, CAD/CAE packages cannot take the cavitation effect 
into account, which affects the maximum pressure. Con-
sidering these limitations, we model a lubricating layer 
and determine the pressure generated by it, as well as cal-
culate the heat generating power and temperature in the 
lubricating layer. 

Next step is to simulate the bearing case, performing 
the same actions as in modeling deformation of the elastic 
layer in the “hybrid” method. The only difference is that 
the pressure distribution across the elastic layer is im-
ported from the previously calculated lubricating layer. In 
order to shift to a non-stationary calculation, it is neces-
sary to perform calculations for at least three different 
lubricating layers, that is, for three different values  
of relative eccentricity. The results are imported into  
ANSYS Twin Builder. Based on the previously obtained 
data, this package builds a lower-order plain bearing 
model by numerical approximation of the results, which 
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allows to determine in real time how the liner deflection 
and pressure change in the lubricating layer at a smooth 
change of load. 

Let’s compare the results of the solutions (fig. 3) ob-
tained by “hybrid” modeling and modeling in ANSYS 
and SOMSOL Multiphysics packages [15]. Calculation 
was carried out for the following parameters: L = 0.125 m, 
R1 = 0.25 m, μ = 0.19 Pа·с, relative eccentricity η� = 0.5η, 
shaft rotation speed of 1000 rpm. 

From fig. 3, calculations performed in ANSYS (curve 
4) and COMSOL Multiphysics (curve 3) show the same 
results (difference not exceeding 1 %). Both calculations 
do not take into account the cavitation effect, which leads 
to a 15 % reduction in the maximum pressure compared 
to the “hybrid” method of calculation, taking into account 
the cavitation effect and excluding occurrence of negative 
pressure regions (curve 1). The results of the calculation 
using the “hybrid” method without cavitation are well 

consistent with the calculations in CAD/CAE packages 
where the difference of maximum pressures in the layer 
does not exceed 6 %. 

Comparative analysis of the above described results 
suggests that the semi-analytical “hybrid” calculation 
method shows good calculation accuracy provided its cost 
effectiveness. Herein, it has a number of advantages over 
numerical calculations in CAD/CAE programs. The first 
and rather significant advantage is the “cost of calcula-
tion” CAD/CAE packages that allow a number of calcula-
tions described above and have the required functionality 
have a very high cost, while any package that can perform 
static calculations (for example, ANSYS Student pack-
age) will be suitable for “hybrid” modeling. The second 
advantage of “hybrid” modeling is low computing re-
source requirements, while calculations in CAD/CAE 
packages require powerful computers that are also expen-
sive. 

 
 

 
 
 

Fig. 2. Flowchart of methods for plain bearing calculation: 
A – proposed “hybrid method”; B – calculation method using ANSYS 

 
Рис. 2. Блок-схема методов расчета подшипника скольжения: 

А – предлагаемый «гибридный метод»; Б – методика расчета в ANSYS 
 



 
 
 

Информатика, вычислительная техника и управление 
 

 13

 
 

Fig. 3. Pressure in the lubricating layer of the plain bearing: 
1 – semi-analytical solution that takes into account the cavitation effect; 2 – semi-analytical solution without  
taking into account the cavitation effect; 3 – modeling in COMSOL Multiphysics; 4 – modeling in ANSYS 

 
Рис. 3. Давление в смазочном слое подшипника скольжения: 

1 – полуаналитическое решение, учитывающее кавитационный эффект; 2 – полуаналитическое  
решение без учета кавитационного эффекта; 3 – моделирование в СOMSOL Multiphysics;  

4 – моделирование в ANSYS 
 
 
The calculated and most important advantage of the 

“hybrid” simulation is the possibility of non-stationary 
calculation of the heavily loaded operation of the plain 
bearing or other type of contact interaction (the calcula-
tion technique will differ only by the clearance equation 
for a particular type of contact). 

First, in a “hybrid” simulation, it is possible to set any 
size of the minimum clearance without restrictions for 
super-heavy loads. At the same time, modeling in 
CAD/CAE packages has a limit for minimum clearance 
values.  

Second, “hybrid” modeling allows to take into account 
additional important physical factors that greatly compli-
cate calculation: cavitation effect, which significantly 
affects pressure peak, variable viscosity of the lubricating 
layer, dependence on thermodynamic parameters, as well 
as sharp increase of pressure peak in the layer at sharp 
load jump. In CAD/CAE packages, this jump is not taken 
into account and the pressure rise occurs smoothly from 
the initial value to a new one with reference to the 
changed load. 

Conclusion. The proposed method of “hybrid” simu-
lation allows to calculate non-stationary elastic-
hydrodynamic contact with minimal cost analysis, design 
and calculation resources taking into account such factors 
as elastic surface deformation, variable viscosity of lubri-
cating layer and cavitation effect. This calculation method 
can be used in various engineering or technological de-
partments to pre-evaluate a design unit, to optimize the 
existing one, as well as to create a digital twin of the fric-
tion unit in operation and to determine conditions of its 
normal performance in particular circumstances. 
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DEVELOPMENT OF METHOD FOR INCREASING SENSITIVITY IN WIRELESS OPTICAL DATA 
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The original method for encoding binary data streams based on QPSK quadrature phase shift keying in a wireless 

optical communication channel in the visible range is suggested. The algorithm for analyzing signals in the receiving 
tract is presented. It allows to analyze the presence of two or three pulses of different colors at the input, which will 
signal the presence of interference or the occurrence of "illumination". In addition, the algorithm provides a possibility 
of dynamic compensation of external "illumination" by changing the gain of the photodetectors and adjusting the 
brightness of emitting LEDs. The functional scheme of the device for realization of the offered coding method in the 
wireless channel on the basis of optical radiation has been developed. Given that most photodiodes are sufficiently 
wide-band in the visible range of light waves, to increase sensitivity of each color channel and selectivity of the receiv-
ing tract it is necessary to apply optical filters for each color channel. The most effective are interference filters made of 
optically transparent materials with different physical characteristics. The approach for calculating optical filters has 
been presented. 

 
Keywords: wireless data transmission, optical data transmission channel in the visible wavelength range, encoding 

based on quadrature phase shift keying, color channel, Li-Fi. 
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ОПТИЧЕСКИХ КАНАЛАХ ПЕРЕДАЧИ ДАННЫХ В ВИДИМОМ ДИАПАЗОНЕ СВЕТОВЫХ ВОЛН 
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Предложен способ кодирования двоичного потока данных на основе квадратурной фазовой манипуляции 

QPSK, обладающий высокой скоростью и контролем наличия ошибок в канале передачи данных. Представлен 
алгоритм анализа сигналов в приемном тракте, позволяющий анализировать присутствие двух или трех им-
пульсов разных цветов на входе, что сигнализирует о наличии помехи или возникновении «засветки». Кроме 
того, алгоритм обеспечивает возможность динамической компенсации внешней «засветки» путем изменения 
коэффициента усиления фотоприемников и регулировки яркости излучающих светодиодов. Разработана 
функциональная схема устройства для реализации предлагаемого способа кодирования в беспроводном канале 
на основе оптического излучения. Учитывая, что большинство фотодиодов являются достаточно широкопо-
лосными в видимом диапазоне световых волн, для повышения чувствительности каждого цветового канала  
и селективности приемного тракта, предложено использовать оптические фильтры для каждого цветового 
канала. Наиболее эффективными являются интерференционные фильтры из оптически прозрачных материа-
лов с различными физическими характеристиками. Представлен подход для расчета оптических фильтров. 

 
Ключевые слова: беспроводная передача данных, оптический канал передачи данных в видимом диапазоне 

длин волн, кодирование на основе квадратурных фазовых манипуляций, цветовой канал, Li-Fi. 
 
Introduction. In order to organize safe data transmis-

sion, it is proposed to build a wireless optical channel 
based on three-component (RGB) LEDs for room lighting 
and information transmission. 

It is known [1] that the human eye is unable to detect 
pulsations of light flux at a frequency above 100 Hz. 
Thus, the use of pulse modulation at frequencies from  
100 kHz to 10 MHz will allow data transmission and 
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room lighting without harm to health. Additionally, 
transmission of information over the wireless optical 
channel allows to precisely determine the perimeter  
of the protected area to ensure confidentiality of data 
transmitted [2]. 

A phase keying-based encoding method. In order to 
perform secure data transmission over a wireless optical 
communication channel, a method of encoding informa-
tion based on quadrature phase keying has been devel-
oped. The encoding process is shown in fig. 1. A serial 
stream of input data bits ( )I t is converted into a series of 

N  bit blocks 1 1 0, , , ,N Nb b b b  , each encoded by an RGB 

pulse burst. The pulse burst is represented as a set of 
pulses on each of the color channels during the reference 
signal period. Coding occurs on the basis of quadrature 
phase manipulations to four possible conditions of a phase 
in reference to basic signal (45, 135, 225, 315) [3]. 
Thus, the number of color channels 3CC  , the number 
of possible phase states 4FC  , the total number of 
unique combinations according to the rules of combina-

torics [4] 43 81FCM CC    state. 
As a further limitation, it is determined that in one pe-

riod of reference signal each color channel generates not 
more than one pulse, and also that in single period there 
cannot be two or more pulses with the same phase. Thus, 
the number of unique phase states is defined as 

 

1

0
( ) 4 3 2 24.

CC

j
М П FC j




                     (1) 

 

When encoding binary signals, the number of bits 
transmitted over the reference signal period is given by 

 

1

2 2
0

log ( ) 4.
CC

j
М div П FC j





     
                  (2) 

 

According to (2), in the case of a binary input data 
flow ( )I t , the number of bits in each transmission  

unit is 4. 
The remaining 8 states can be used to transmit over-

head messages such as start and end of transmission, er-
ror, and data flow control. 

Fig. 2 shows the coding diagram of one of the possible 
states for each of the channels. The dashed line diagram 
shows the possibility of pulse width modulation (PWM) 
of luminous flux intensity, which allows to adjust lumi-
nance of lighting devices to create comfortable operating 
conditions or to make adaptive adjustment of luminous 
flux level from the light source taking into account the 
change of illumination in the room. Similar technology is 
offered in [5]. 

Radiation power control when using LED lighting 
sources as transmitters has its limitations related to crea-
tion of required illumination or compensation of external 
illumination [6; 7]. Automatic adjustment of the photo-
detectors sensitivity takes precedence over the power of 
light sources adjustment, as it allows to adjust it inde-
pendently to the value of total illumination, and compen-
sate for the constant component from additional light 
sources.  

 
 

 
 

Fig. 1. The table of phase states of information encoding based  
on phase manipulations in a channel with spectral division 

 
Рис. 1. Таблица фазовых состояний кодирования информации  

на основе фазовых манипуляций в канале со спектральным разделением 
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Fig. 2. The diagram of information encoding based on phase manipulations  
in a channel with spectral division 

 
Рис. 2. Диаграмма кодирования информации на основе фазовых манипуляций  

в канале со спектральным разделением 
 

 
Monitoring data link errors. The encoding method 

assumes that in one reference signal period, each color 
channel will generate one pulse of equal duration and all 
three color components will have different phases. Simul-
taneous presence of two or three pulses of different colors 
at the input will signal the presence of interference or 
occurrence of “illumination” – change of intensity of ad-
ditional natural or artificial lighting [8]. Here, it is neces-

sary to distinguish short-term pulses 8 610 10  с    

( 8 610 10  с   ) in three color channels, which are rec-
ognized as an error in the active phase of data transmis-
sion, or are used for synchronization of receiver and 
transmitter between data packages, and slowly variable 

signal ( 3 110 10  с  ) at the receiver input, which is a 
characteristic of illumination with natural or artificial 
light [9; 10]. When generating sync pulses, simultaneous 
pulses are proposed on all color channels for phase state 

45   . Fig. 3 shows the flow chart of signal analysis in 

the receiving tract. 
Such method ensures control and possibility of dy-

namic compensation of external “illumination” by chang-
ing the gain of photo-detectors and adjusting the bright-
ness of emitting LEDs. 

Functional diagram of fixed and mobile transceiver 
device. Fig. 4 is a functional diagram of an apparatus for 
implementing a wireless channel coding method accord-
ing to the invention based on optical radiation. Input data 
stream of binary sequence ( )I t is supplied to input of 

digital data processing unit (DDP) [11]. The functions of 
the DDP unit are to generate a sequence of rectangular 
pulses for synchronization with the data source, to buffer 
the input data and control the flow, as well as to convert 
the sequence of bits into a sequence of four-bit units. The 

synchronization signal is input to the clock to provide 
phase locked loop (PLL) [12; 13], and the output data 
stream enters the input of the serial encoding device 
(SED). SED operation algorithm implements the table of 
phase states shown in fig. 1. 

Output signals from SED  are transmitted to light in-
tensity control units based on PWM, then to current keys 
of LED control. Receiving side consists of photo-
detectors (photodiodes) with corresponding optical color 
filters, signal from which is supplied to input of opera-
tional amplifiers (OA) with adjustable gain factor, fol-
lowed by a signal transmitted to the input of data process-
ing device. The main functions of the DP unit are to gen-
erate a rectangular sequence of pulses for synchronizing 
the receiver and transmitter, as well as to analyze the state 
of signals of each of the color components (determine an 
error or “illumination”). Simultaneously, signals from 
outputs of OA of each color channel are supplied to the 
input of serial decoding device (SDD) which implements 
algorithm, reverse to initial one. Output stream of binary 
sequence data is generated at output of SDD. 

Calculation of optical transmission filters. Given 
that most photodiodes are sufficiently wideband in the 
visible range of light waves, optical filters for each color 
channel need to be used to increase sensitivity of each 
color channel and selectivity of the receiving tract. Inter-
ference filters of optically transparent materials with dif-
ferent physical characteristics are considered to be the 
most effective [14]. 

Sufficient transmission functions can be obtained us-
ing just two different dielectric materials, with refractive 
indices Ln  and Hn . Supposing you want to create a filter 

that passes the center wavelength 0 , a general scheme 
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for constructing such filters is to use alternating layers of 
high and low refractive index dielectric having a thickness 
of 1/4 or 1/2 wavelength 0 . The quarter-wave dielectric 

plate with refractive index Ln  should have thickness of 

0 4 Ln . Since these thicknesses are very small at optical 

wavelengths, ‘thin film’ is more commonly used term 
instead of the term ‘plate’. Dielectric thin films half wave-
length thick 0  are called filter bands. The thin film filter 

structure used consists of several bands separated by sev-
eral quarter-wave films. If H and L denote quarter-wave 

films (for wavelength 0 ) of high and low refractive in-

dex dielectrics, respectively, then we can imagine a de-
sign of any filter using an HL sequence. Two characters H 
or L in a row denote a half-wave film. For example, if the 
slightly hatched dielectric has a low refractive index and 
the highly hatched dielectric has a high refractive index, 
the filter consisting of a number of dielectric films may be 
represented by the sequence HLHLLHLH . If the sur-
rounding dielectrics are indicated by a symbol G (glass), 
the complete structure can be represented by the sequence 
GHLHLLHLHG .  

 
 

 
 

Fig. 3. The algorithm of signal analysis in the receiving tract 
 

Рис. 3. Алгоритм анализа сигналов в приемном тракте 
 

 

 
Fig. 4. The functional scheme of the device required to implement the suggested encoding method 

 
Рис. 4. Функциональная схема устройства для реализации предлагаемого способа кодирования 
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Fig. 5. Comparison of one-, two- and threeband filters 

 
Рис. 5. Сравнение одно-, двух- и трехполостного фильтров 

 
 
A narrower region of transmission and a stronger sup-

pression of lateral wavelengths can be achieved by using 
more than three quarter-wave films [15]. As an example, 

the filter described by a sequence 9 9( ) ( )G HL HLL HL HG  

is suggested. Marking ( )kHL corresponds to a sequence 

HLHL…HL(k times). 
The use of multiple bands results in a flatter band-

width and a sharp drop at the edges. Both effects are 
shown in fig. 5, in which the transmission function close 
to the center wavelength 0  is depicted for a one-, two-, 

and three-band dielectric thin film filter. 
One-band filter is similar to the one described above. 

Two-band filter is described as a sequence 
 

12 24 12( ) ( ) ( )G HL HLL HL HLL HL HG . 
 

Three-band filter is described as a sequence 
 

10 21 21 10( ) ( ) ( ) ( )G HL HLL HL HLL HL HLL HL HG . 
 

Conclusion. Among the advantages of the proposed 
approach are: increase of information transfer speed in 
wireless channels based on VLC technology; improve-
ment of noise immunity due to the applied coding tech-
nology and compensation algorithm of external light 
source luminance flux change (“illumination”); high 
channel security against unauthorized access to informa-
tion implemented by means of distributed spectral coding; 
and possibility of more efficient filtering of light flux 
from VLC transmitter in red and blue color bands. 

Thus, a method of encoding data in wireless optical 
communication channels having high noise immunity has 
been developed. 

In order to increase sensitivity of each color channel 
and selectivity of the receiving tract, it is proposed to use 
optical filters for each color channel. Interference filters 
of optically transparent materials with different physical 
characteristics are the most effective. 
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The article proposes an approach to developing the architecture of a service-oriented information processing sys-

tem, modeling and process control. The system, which is being developed, is a tool for identifying, predicting and con-
trolling discrete-continuous processes. Its mathematical apparatus is based on nonparametric algorithms of identifica-
tion and control. The software architecture includes the following main modules: the module for processing data, mod-
eling and forecasting output process variables and the process control module. The first module includes data preproc-
essing algorithms: normalization, centering and analysis of outliers and omissions. The modeling module is an algo-
rithm for research and recovery dependencies between process variables, process identification using nonparametric 
estimation of the regression function from observations. The last module is an implementation of nonparametric dual 
control algorithms. Control devices built on the basis of these algorithms perform functions of both object control and 
its study. 

The article discusses the application of architectural solutions based on two proven approaches in the field of soft-
ware development: the composite approach and the service- oriented approach.. The main principles of composite ar-
chitecture as a set of software systems with many characteristics that perform a specific task and service-oriented ar-
chitecture as a modular approach to software development are described. The advantages of the applied composite 
service-oriented architecture over other variants of software architecture for control systems are shown, in particular, 
monolithic software architecture is compared with composite service-oriented architecture. This means that a re-
searcher can use a single operation, which is a logically isolated, repeated task related to the production process of the 
enterprise. At the same time, it is necessary to ensure positive results when integrating with existing software products 
of enterprises which greatly complicates and requires the development of new components, as well as support for the 
"inherited" parts of the system. 

 
Keywords: service-oriented architecture, software development, design of process control systems. 

 
 

ОСОБЕННОСТИ ОРГАНИЗАЦИИ ПРОГРАММНОЙ АРХИТЕКТУ-
РЫ АДАПТИВНЫХ СИСТЕМ ОБРАБОТКИ ИНФОРМАЦИИ,  

МОДЕЛИРОВАНИЯ И УПРАВЛЕНИЯ 
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В статье предложен подход к разработке архитектуры сервис-ориентированной системы обработки ин-

формации, моделирования и управления технологическими процессами. Разрабатываемая система представ-
ляет собой инструментарий для идентификации, прогнозирования и управления дискретно-непрерывными 
процессами, математический аппарат которой основан на непараметрических алгоритмах идентификации  
и управления. Программная архитектура состоит из нескольких основных модулей: модуль обработки данных, 
моделирования и прогноза выходных переменных процесса, модуль управления технологическим процессом. 
Первый модуль включает в себя алгоритмы предобработки данных: нормализация, центрирование и анализ 
выбросов и пропусков. Модуль моделирования представлен алгоритмическим функционалом для исследования  
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и восстановления зависимостей между переменными процесса, идентификации процесса с использованием 
непараметрической оценки функции регрессии по наблюдениям. Последний модуль – это реализация непара-
метрических алгоритмов дуального управления. Управляющие устройства, построенные на основании данных 
алгоритмов, выполняют функции как управления объектом, так и его изучения. 

В статье обсуждаются вопросы применения архитектурных решений, основанных на двух зарекомендо-
вавших себя в области разработки программного обеспечения подходах – композитном и сервис-
ориентированном. Описываются основные принципы композитной архитектуры как набора программных 
систем с множеством характеристик, которые выполняют определенную задачу, и сервис-ориентированной 
архитектуры как модульного подхода к разработке программного обеспечения. Показаны преимущества при-
мененной композитной сервис-ориентированной архитектуры перед другими вариантами архитектур про-
граммного обеспечения для систем управления, в частности, в работе сравнивается монолитная программная 
архитектура с композитной сервис-ориентированной архитектурой. Выбранное архитектурное решение пре-
доставляет возможность выстроить систему из набора независимых модулей, каждый из которых реализу-
ет отдельную операцию, которая является логически обособленной, повторяющейся задачей, являющейся  
составной частью производственного процесса предприятия. Использование описанного в работе подхода 
позволило достичь положительных результатов при интеграции с существующими программными продукта-
ми предприятий, значительно сократить сложность и стоимость разработки новых компонентов, а также 
поддержки «унаследованных» частей системы. 

 
Ключевые слова: сервис-ориентированная архитектура, разработка программного обеспечения, проекти-

рование систем управления технологическими процессами. 
 
Introduction. Today, to solve a complex of tasks re-

lated to the management and modeling of complex tech-
nological processes in various industries, the aerospace 
industry in particular, software and algorithmic tools are 
used to provide identification and process control func-
tions. One example of this type of tool is adaptive process 
control systems, the operation of which is carried out us-
ing nonparametric theory [1–5]. The use of nonparametric 
identification and control algorithms allows modeling, 
forecasting, and process maintaining within the frame-
work of technological regulations in conditions of priori 
information lack, when the parametric structure of the 
model of the process under study remains unknown from  
priori information [6–9]. This situation is quite common 
in the development of computer control systems, since in 
most cases a researcher has to work with poorly studied 
processes for which it is not possible to reasonably choose 
the parametric structure of the model. At the same time a 
number of requirements are imposed on the developed 
control system, which include: data synchronization from 
various control points; the ability to work with heteroge-
neous data (the system independently converts the data 
into a single format); the possibility of both autonomous 
operation of the control system and correction of the con-
trol actions of the system by an expert technologist; secu-
rity by encrypting and backing up data. Thus, the main 
task of this study is to develop and design the architecture 
for software and algorithmic support that allows optimal 
operation of the system. 

Functional diagram of the system. The information 
processing, modeling and control system is a set of sub-
systems which includes the following modules shown  
in fig. 1.  

Process variables are monitored over a time interval 
t . The input and output of the process are represented 

by measurements forming a sample of the { , }, 1,i iu x i s  

form, where s is the sample size, ,i iu x  are the measure-

ments of the object input and output  at a time it . This 

sample is contained in the “Enterprise database” block. 

The data processing module imports data of various for-
mats, converts data into a single format with which the 
system works. Also, this module implements data pre-
processing algorithms: normalization, centering, analysis 
of omissions  in the observation sample. The result of the 
module operation is an internal database of the system, 
which contains the converted data in a single format. 

The process identification module implements the fol-
lowing nonparametric identification algorithms [10]. 

In this paper, we consider the classes of control proc-
esses that can be described by equations of the form: 

 

 1, , , ,t t t k t tx F x x u   .                        (1) 
 

Here F – unknown functional; k – order of the differ-
ence equation that is bounded maxk k ;  tu  – input vari-

able of the object; tx –  output variable of the object; in-

dex t – discrete time; ( )t –  vector accidental hindrance. 

Let us introduce the following designations: 
 

   1 1 1, , , , ,t k t t k tz z z x x u     ,          (2) 

then 

 t tx F z .                                (3) 
 

Taking into account redesignations (2), the model of 
the technological process under consideration can be re-
duced to the model of the dynamic system in discrete 
time, when not only variables tu enter the input of the 

latter but also 1 2, ,...,t t t kx x x   and so on.  

Under these conditions the following nonparametric 
estimation of the regression function based on observa-

tional data  { , , 1, }i ix u i s [11] can be used as a nonpara-

metric model of the object: 
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where  Ф  – bell-shaped function, [ ],u x j
s sс с  – core blur 

coefficients that are found in the presence of a training 
sample from the task of minimizing the object output and 
model output correspondence index based on the sliding 
exam method, when the nonparametric model (4)  
excludes the q-е  observation of the variable presented  
for the exam by index i: 

 

 
[1] [ ]

[1] [ ]

2

1
, ,...,1

( , ,..., )

( , ,..., ) min , ,
x x k

s s s

x x k
s s s

s

s q q q k q
c с сq

R с с с

x x x x q i 




    u

u

u
 (5) 

 

where the index i appears in the nonparametric model (4). 
The non – gradient method of multidimensional optimiza-
tion, the Nelder-Mead method, is implemented as an op-
timization algorithm, since this method is effective  
at a low calculation speed of the minimized function.  
To select the initial vertices of the deformable polyhe-
dron, a range of possible values of the nuclear function 
blur coefficients [0.01,4]sс   was specified, from which 

an n + k + 1 point was arbitrarily selected, where n is the 
number of input variables, k is the order of the difference 
equation, which form a simplex of n + k-dimensional 
space . 

The process control module implements the following 
control scheme (fig. 2). 

The nonparametric dual control algorithm has the 
form [12]: 

*
1 1s s su u u    ,                            (6) 

 

where *
su  – component that accumulates information 

about the object of research, and *
1 1( )s s su x x      –

“learning” search steps.  
The dualism of algorithm (6) is as follows. At the  

first control steps the main role in the formation  
of control actions is played by the summand 1su   from 

formula (6).  
But during the accumulation of information about the 

object  the role of the summand *
su   increases. 

In this case, the following expression can be taken as a 

summand *
su  from equation (6): 
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The process control algorithm is constructed as fol-
lows.  

Based on the rule for selecting significant variables, 
the order of the differential equation of the dynamic proc-
ess model k is determined, which is later used for calcu-
lating control actions in (7) where only those variables 
that were selected by the algorithm are present. 
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Fig. 1. Functional scheme of the developed adaptive information system  
for data processing, modeling and control 

 
Рис. 1. Функциональная схема работы разрабатываемой адаптивной системы  

обработки информации, моделирования и управления 
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The quality of control is assessed by two characteristics: 
1. Control time  tр –  the time from the start of control 

to the moment when the output value differs from the task 
no more than a certain set value α. Usually: α= 0,05yуст. 

2. A relative control error Wp equal to the total 
deviation of the actual output of the process from the 
setting effect during the entire time of regulation in 
relation to the setting effect, expressed in relative values, 
in % 

*

1
*

1 s

i i
i

P

x x
s

W
x







. 

The calculated values of control actions 1su   are 

available for correction by an expert technologist. Thus, 
the developed system is a tool that includes the following 
main modules : the data processing module, modeling and 
forecasting of output process variables, and the process 
control module. 

Software architecture of the system. When design-
ing the software architecture, we took into account the 
fact that each of the modules can be easily replaced with a 
new implementation in case of changes in the technologi-
cal process, as well as be supplemented with new ones 
when expanding the system's functionality. 

Fig. 3 shows an example of the same system built on 
two different architectures. The classic version of the sys-
tem is a single monolithic application within which you 
can identify a number of closely related subsystems built 
around specific large business processes. Although the 
architecture of such system is a three-layer architecture, 
its high connectivity significantly complicates the mainte-
nance and implementation of new functionality in such 
system. In addition, the implementation of a new business 
process leads to the development of a new subsystem, 
most of the source code duplicates the code of existing 
subsystems. 

The selection of basic elements from the system  
as well as the division  of business  processes  into atomic 
operations and their transfer to a set of services that are 
independent of the implementation of other components 
of the system, allow us to build a more flexible system 
based on composite architecture. At the same time, the 
access to data is carried out through a single interface, and 
any subsystem can easily access services. Moreover, such 
separation of the system allows to divide the system into 
several parts with less effort: a data server, a service 
server, client applications. 

Our architectural solution is based on two proven ar-
chitectural approaches in the field of software develop-
ment: composite and service-oriented. Composite archi-
tecture is a set of software systems with multiple charac-
teristics that perform a specific task developed in the es-
tablished order and based on a common set of basic tools. 
At the same time, integration and testing operations re-
place design and coding operations.  

Service-oriented architecture is a modular approach to 
software development based on the use of distributed, 
loosely coupled interchangeable components equipped 
with standardized interfaces for interaction over standard-
ized protocols. 

The main difference and advantage of composite ar-
chitecture over SOA is that the composite architecture 
provides flexibility on all layers (levels) of the applica-
tion, while SOA provides flexibility only on one layer – 
the application layer (business logic) [13]. Since the com-
posite architecture is essentially a further development of 
the service-oriented architecture and, accordingly, has all 
the advantages of the service-oriented approach in the 
software development. Composite applications are usually 
a further development of an already developed group of 
individual applications, from which basic sets of compo-
nents and containers are allocated for their further integra-
tion with each other.  
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Fig. 2. Scheme of dual control of a dynamic object 
 

Рис. 2. Схема дуального управления динамическим объектом 
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Fig. 3. Architecture Comparison 
 

Рис. 3. Сравнение архитектур 
 
 
Currently, the idea of building service-oriented ap-

plications based on composite architecture is widely 
used in various areas of software development and is 
the subject of study in many research centers. One  
of the largest  organizations is Software Engineering 
Institute (SEI) [14]. 

At the moment, the Institute is a recognized interna-
tional leader in the study of building composite service-
oriented applications. Composite service-oriented archi-
tecture is an approach to designing software systems to 
organize existing software products so that disparate sets 
of complex, distributed systems and applications can be 
turned into a network of integrated, simple, and flexible 
resources. 

Based on SEI's methodological recommendations, we 
designed and applied a hybrid architectural approach and 
thus obtained a composite service-oriented software sys-
tem, which is a set of services, service components, and 
data access components that can be designed and de-
ployed in a single application [15]. Interaction between 
services and various components is carried out by ex-
changing messages. 

In our service-oriented composite architecture service 
components, which are the building blocks of our soft-
ware system modules, play an important role. Each com-
ponent is placed in a specific service container. Messages 
are sent to service containers and then redirected to the 
corresponding service components within them. In addi-
tion, service containers can interact with each other. For 
example, a message intended for a process is first sent to 
the container of that process, and then the service con-
tainer processes the received information and redirects the 
messages to the corresponding service components within 
itself. Service components in the developed hybrid archi-
tecture solve the following tasks: 

– describe and implement domain operations; 
– define the rules of operations; 
– transmit messages between system components. 
The services themselves provide interaction between 

the composite application and its consumers. Communi-
cation with the service is performed using the specified 
protocols (for example, SOAP/HTTP). Data access com-
ponents are used to retrieve and modify data based on 
messages sent from service components. The links de-
scribe how information is exchanged between services 
and service components, between different service com-
ponents, or between service components and data access 
components. 

The applied composite service-oriented architecture 
makes it possible to build a system from a set of inde-
pendent modules, each of which implements a separate 
operation, which is a logically separate, repetitive task 
that is an integral part of the enterprise's production proc-
ess. Moreover, services can be implemented independ-
ently of programming languages and other technical  
features of the implementation, which makes it possible to 
use different technologies.  

Also, services can be written independently of other 
services in the system, you only need to know the inter-
face of the services used, that is, the services will be 
loosely connected. The use of the architectural approach 
described in this paper also allowed us to achieve positive 
results when integrating with existing enterprise software 
products, significantly reducing the complexity and cost 
of developing new components, as well as supporting 
”inherited“ parts of the system. 

Conclusion. The work is devoted to the integrated de-
velopment of the system designed for data preprocessing, 
modeling and control of multidimensional discrete-
continuous processes. The core of the system is nonpara-
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metric algorithms. Two basic algorithms are presented  
for modeling the process of unknown structure and  
control under conditions of incomplete data about the 
object. The developed system architecture is flexible – the 
replacement of key modules does not have irreversible 
consequences during the functioning of the system as a 
whole. 
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Today, there are many approaches to developing parallel programs. It is considered that it is more efficient to write 

such programs for a particular computing system. The article proposes to ignore the features of a particular computing 
system and outline plans for the development of a certain automated system that allows trying to improve code  
efficiency by developing programs with unlimited parallelism, as well as explore the possibility of developing more  
efficient programs using the restrictions imposed on maximum parallelism. This approach was demonstrated on the 
example of the analysis of various matrix multiplication algorithms. As a mathematical apparatus, the study considered 
various approaches to the description of algorithms to increase their implementation, including an approach based on 
unlimited parallelism and, also, an approach based on various restrictions on parallelism is proposed. In the course of 
the work, sequential and parallel methods of matrix multiplication were studied in detail, including tape and block al-
gorithms. As a result of the study, various matrix multiplication methods (sequential, with left and right recursion, par-
allel methods) were studied and more effective ones were found in terms of the resources used and the restrictions im-
posed on parallelism. A sequential method and a cascade summation scheme were analyzed and proposed as possible 
ways of convolving the results of solving the problem obtained after the decomposition stage. Also, a number of pro-
grams with different levels of parallelism were developed and implemented in the functional-stream parallel program-
ming language. In the future, such transformations can be carried out formally, relying on a knowledge base and a lan-
guage that allows equivalent transformations of the original program in accordance with the axioms and algebra of 
transformations laid down in it, as well as replacing functions that are equivalent in results and have different levels of 
parallelization. These studies can be used to increase the efficiency of developed programs in terms of resource use in 
many branches of science, including in the field of software development for the needs of astronomy and rocket science. 

 
Keywords: unlimited parallelism, matrix multiplication, parallel programming. 
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К ОГРАНИЧЕННОМУ НА ПРИМЕРЕ УМНОЖЕНИЯ МАТРИЦ 
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Сегодня существует много подходов к разработке параллельных программ. Считается более эффектив-

ным написание таких программ под определенную вычислительную систему (ВС). В статье предлагается  
абстрагироваться от особенностей той или иной ВС и наметить планы по разработке некой автоматизиро-
ванной системы, позволяющей стремиться к повышению эффективности кода за счет создания программ  
с неограниченным параллелизмом, а также исследовать возможность разработки более эффективных про-
грамм с помощью ограничений, накладываемых на максимальный параллелизм. В качестве примера приводится 
анализ различных алгоритмов умножения матриц. В качестве математического аппарата в исследовании 
рассматривались различные подходы к описанию алгоритмов, в том числе, подход, основанный на неограни-
ченном параллелизме. Предлагается подход, в основе которого лежат различные ограничения, накладываемые 
на параллелизм. В ходе работы подробно изучались последовательные и параллельные методы умножения 
матриц, в том числе, ленточные и блочные алгоритмы. В результате проведенного исследования были изучены 
различные методы умножения матриц (последовательные, с левой и правой рекурсией, параллельные) и найде-
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ны более эффективные из них с точки зрения используемых ресурсов и ограничений, накладываемых на парал-
лелизм. Были проанализированы и предложены последовательный метод и каскадная схема суммирования как 
возможные способы свертки результатов решения задачи, полученных после этапа декомпозиции. Также был 
разработан и реализован ряд программ с различным уровнем параллелизма на функционально-потоковом языке 
параллельного программирования. В перспективе подобные преобразования можно проводить формально, опи-
раясь на базу знаний и язык, допускающий эквивалентные преобразования исходной программы в соответст-
вии с заложенными в него аксиомами и алгеброй преобразований, а также заменой эквивалентных по резуль-
татам функций, обладающих разным уровнем распараллеливания. Данные исследования можно применять  
для повышения эффективности разрабатываемых программ с точки зрения использования ресурсов во многих 
отраслях науки, в том числе, и в сфере разработки ПО для нужд астрономии и ракетостроения. 

 
Ключевые слова: неограниченный параллелизм, матричное умножение, параллельное программирование. 
 
Introduction. There are many different approaches 

for developing parallel programs. In parallel 
programming, special programming techniques are often 
used. And in most cases it is considered more efficient to 
write program code for a specific calculated system. Since 
the development of computer technology is proceeding at 
a rapid pace today, programmers have to rewrite code for 
a newly developed system. The main problem of the tran-
sition from traditional to parallel programming is that it is 
simply impossible to develop a universal executor with 
which it would be possible to achieve the same effective 
way of writing parallel programs [1–3]. In addition to the 
style of writing programs in a particular system, it is also 
necessary to take into account the amount of resources 
used and their computing power. Therefore, to implement 
effective parallel computing, you have to constantly re-
build the structure of the program. 

The issue of creating tools to ensure portability of par-
allel programs has been studied for a long time. And all 
attempts to develop such systems were associated with 
writing programs for a generalized architecture [4]. 

It is proposed to focus not on the features of a particu-
lar computing system, but to use some kind of abstract 
system that allows trying to improve the efficiency of the 
code by developing programs with unlimited parallelism. 
Increasing the level of abstraction, it is possible to build 
various combinations, compressing parallelism, and there-
fore, the transition from unlimited parallelism to limited. 

As a mathematical apparatus, the research considered 
various approaches to the description of algorithms to 
increase their implementation, including an approach 
based on unlimited parallelism. Also, the approach based 
on various restrictions on parallelism is proposed. In the 
course of the work, sequential and parallel methods of 
matrix multiplication were studied in detail, including 
band and block algorithms. After decomposition in the 
framework of solving the matrix multiplication problem, 

various options were proposed for the subsequent summa-
tion of the obtained results of solving subproblems in or-
der to increase the efficiency of resource use in a consis-
tent way and in a cascading manner. 

These studies can be applied in various fields of sci-
ence, including the development of software in rocket 
science, which will further improve the missile control 
system. 

Main part. Algorithm for solving the problem. 
Statement of the problem. In fact, the statement of the 
problem is as follows. Two matrices are multiplied:  
A [M] [L] · B [L] [N] => C [M] [N], where the number of 
row multiplications by columns is S = M · N. 

In each combination of row multiplication by column, 
L pairs of elements are involved. 

Therefore, the total number of simultaneously possible 
multiplications P = M · N · L, that is, it is set by the corre-
sponding parallelepiped [5; 6]. 

Next, the multiplied elements for each combination of 
rows and columns begin to add up. In this case, it is pos-
sible to use the usual sequential addition method or in a 
cascade scheme. 

Matrix multiplication. Matrix operations are quite 
time-consuming to implement, so they represent a classic 
area of application for parallel computing. 

Sequential Matrix Multiplication Algorithm 
If there are two square matrices A and B, then  

C = A · B is the result of their multiplication, 
 

1

  
k

n

ij ik kjC a b


   ,                            (1) 

where i = 1, …, n, j = 1, …, m.  
This algorithm for multiplying two matrices A and B 

is iterative and is oriented towards sequential calculation 
of rows of matrix C (fig. 1).  

 
 

 
 

Fig. 1. First iteration of matrix multiplication in a sequential approach 
 

Рис. 1. Первая итерация умножения матриц при последовательном подходе 
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When performing one iteration of the outer loop, one 
row of the resulting matrix is calculated [7]. 

In the sequential matrix multiplication algorithm, ele-
ment-wise multiplication of all elements of the matrix 
occurs. The information graph in this case will be quite 
voluminous and therefore its analysis is difficult. In addi-
tion, this method of multiplication becomes ineffective if 
the size of the matrix exceeds the size of the processor 
cache. A search is needed for more efficient algorithms 
for solving this problem [8; 9]. 

From formula (1) it is clear that the calculation of each 
Cij is independent and simultaneously, and it can be per-
formed in parallel. This algorithm is with mass parallel-
ism, since it contains a huge number of operations that 
can be performed simultaneously and independently of 
each other [9]. 

The choice of matrix separation method leads to the 
determination of a specific parallel computing method; 
the existence of different data distribution schemes gener-
ates a number of parallel matrix computing algorithms. 

If we ignore the use of specific resources to solve the 
problem, then we can achieve increased program effi-
ciency, gradually compressing initially unlimited parallel-
ism. 

The process of multiplication in this case will begin 
with the decomposition of the task into subtasks. That is, 
to solve problem (1), we consider the main combinations 
of multipliable matrix elements in i, j, k. 

Variants are possible when the resulting rows, col-
umns or groups of matrix columns are computed in paral-
lel. For example, if you execute the loop body in i for 
each counter value in parallel, then the rows of the matrix 
product will be counted in parallel. If we interchange the 
cycles in i and j (which is quite possible due to the inde-
pendence of the operations of nested cycles in i and j) and 
execute the body of the cycle in parallel for each counter 
value, we get a version of the program that contains col-
umns in parallel. In addition, each element of the resulting 
matrix can also be counted in parallel [9]. 

Reduction steps when multiplying matrices and 
moving to parallel algorithms. As noted above, from the 
definition of the operation of multiplying the matrices A 
and B it follows that the elements of the resulting matrix 
C can be found independently of each other. The product 
of matrices can be considered as n2 independent scalar 
products, or as n independent products of a matrix by a 
vector. In both cases, different algorithms are used [10]. 

In the first approach, for organizing parallel computa-
tions, the main subtask uses the procedure of determining 
one element of the resulting matrix C, and for all neces-
sary calculations, each task must contain at least one row 
of matrix A and a column of matrix B. The total number 
of subtasks here is n2. In the second approach, to perform 
all the necessary calculations for the base subtask, one of 
the rows of matrix A and all columns of matrix B must be 
available. The number of subtasks is n [11]. 

To increase the efficiency of the matrix multiplication 
algorithm, it is logical to assume that if matrix multiplica-
tion is not performed element-wise, but line by line, this 
will make the algorithm more efficient in terms of paral-
lelism. In this case, the general problem of matrix multi-
plication will be reduced to dividing it into subtasks. Fur-

ther, these subtasks will be combined to obtain a common 
necessary solution to the original problem. 

Taking into account the foregoing, this algorithm can 
be considered as a process of solving independent  
subproblems of multiplying matrix A by columns of ma-
trix B. At the same time, the information graph is simpli-
fied, in contrast to the case with a sequential multiplica-
tion algorithm. It all comes down to building a matrix 
multiplication graph. The introduction of macro opera-
tions is carried out in stages with a return level of detail of 
the operations or decomposition used [12]. 

Band algorithm. Consider band algorithms in which 
the matrices A and B are divided into continuous se-
quences of rows or columns (fig. 2). To carry out this 
procedure, each subtask contains row A of the matrix and 
access to columns B. One processor is allocated a number 
of rows and columns. A simple solution to this problem is 
to duplicate matrix B in all subtasks. Here the following 
way of organizing parallel computations for 3·3 matrices 
is possible [13]: 

Such fine-grained tasks can be enlarged if the matrix 
size is greater than the number of computing elements or 
processors. In this case, the original matrix A and the re-
sulting matrix C are divided into horizontal stripes. In this 
case, the size of such bands should be chosen equal  
to k = n/p (if n is a multiple of p), which allows us to en-
sure distribution of the computational load across the 
computational elements uniformity [13]. 

The selected basic subtasks are characterized by an 
equal amount of transmitted data and the same computa-
tional complexity. In the case when the size of the matri-
ces is greater than the number of computational elements 
(processors and/or cores) p, the basic subproblems can be 
enlarged by combining several adjacent rows of the ma-
trix within one subproblem. In this case, the resulting ma-
trix C and the original matrix A are divided into a series 
of horizontal stripes [13]. 

This band algorithm has good localization, and in ad-
dition, there is no interaction between data streams. But it 
should be noted that if we enlarge the subtasks, then we 
can move on to other matrix-multiplication algorithms 
that are more efficient in terms of parallelism – to block 
algorithms. 

Transition to block algorithms. In such algorithms, 
the original matrices A, B and the resulting matrix C are 
represented as sets of blocks. 

In this case, not only the resulting matrix, but also the 
matrix-arguments of matrix multiplication are divided 
between the threads of the parallel program into some 
rectangular blocks. This approach allows achieving good 
data localization and increased cache utilization. 

Also there are well known parallel matrix multiplica-
tion algorithms based on block data division, oriented to 
multiprocessor computing systems with distributed mem-
ory. When developing algorithms focused on the use of 
parallel computing systems with distributed memory, it is 
necessary to take into account that placing all the required 
data in each subtask (in this case, placing the required sets 
of columns of matrix B and rows of matrix A in subtasks) 
will inevitably lead to duplication and significant growth 
of amount of memory used. As a result, some restrictions 
are imposed on the system, that is, the calculations must 
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be organized in such a way that at each current point in 
time the subtasks contain only part of the data necessary 
for the calculations, and access to the rest of the data is 
ensured by sending messages. Algorithms that implement 
the described approach include the Fox algorithm and the 
Cannon algorithm [14] (fig. 3). 

The difference between these algorithms is the se-
quence of transfer of matrix blocks between the proces-
sors of any computing system. 

It should be noted that after the decomposition step 
with the allocation of subtasks and the search for an 
effective parallel algorithm, it is necessary to summa-
rize the obtained solutions from the subtasks to get the 
general result of solving the matrix multiplication 
problem. 

From the point of view of parallelism, one can apply 
in this case not only sequential summation, but also more 
efficient parallel methods, for example, addition accord-
ing to a cascade scheme (fig. 4).  

 
 
 

 
 

Fig. 2. The example of the organization of calculations in a matrix 
multiplication algorithm based on dividing matrices into rows 

 
Рис. 2. Пример организации вычислений в алгоритме матричного 

умножения, основанного на разделении матриц на строки 
 
 
 
 

 
 

Fig. 3. Block matrix organization scheme 
 

Рис. 3. Схема организации блочного умножения полос матрицы 
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Fig. 4. Graphs of sequential (left) and cascade summation algorithms (right) [15] 

 
Рис. 4. Графы алгоритмов последовательного (слева) и каскадного  

суммирования (справа) [15] 
 
 
Conclusion. After the analysis of the above algo-

rithms, it is planned to use the results to find the capabili-
ties of equivalent transformations of various algorithms 
and to develop an automated system that allows its user to 
choose one or another algorithm to solve their problem in 
order to achieve the fastest and most effective solution 
with point of view of resources use. 

Using algorithms that describe the maximum parallel-
ism of the problem being solved, the developer offers 
additional methods for analyzing and deriving various 
algorithms with limited parallelism, which can be consid-
ered as use cases. 

Consideration of all the algorithms studied in this pa-
per, as well as their implementation in a functional data-
flow parallel language that allows performing operations 
with maximum parallelism, opens up prospects for the 
further development and improvement of methods and 
approaches to enhance program efficiency. 
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THE USE OF THE INVERSE TRANSFORMATION METHOD 

FOR TIME SERIES ANALYSIS 
 

T. A. Shiryaeva1, V. A. Khlupichev1, A. K. Shlepkin1*, O. L. Melnikova2 
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In modern conditions of technology development, signs of systemacity are manifested to one degree or another in all 

areas, so the use of system analysis is an urgent task. In this case, the main factors in this situation are data processing 
and prediction of the state of a system. Mathematical modeling is used as a prediction method for a given subject area. 
A mathematical model is a universal tool for describing complex systems representing the approximate description of 
the class of phenomena of the external world expressed by mathematical concepts and language. The mathematical 
model can be represented as a set of systematic components and a random component. In this article, the object of pre-
diction is the irregular random component of a model, which reflects the impact of numerous random factors. The ori-
gin, nature and laws of variation of the random variable are known, therefore, to simulate its behavior or predict its 
future value, one needs high degree of certainty to establish the form of continuous distribution function of the random 
variable. The empirical distribution function is calculated using the sample of random variable values. This empirical 
function is close to the values of the desired unknown function of distribution. The resulting empirical function is dis-
crete, therefore it is necessary to apply piecewise linear interpolation to obtain a continuous distribution function.  
The predicted random component of time series has been included in the initial regression model. In order to compare 
augmented and initial regression models, several values were excluded from the time series and new prediction was 
built. The value of the average approximation error for assessing the quality of the model is calculated. The augmented 
regression model proved to be more effective than the original one. 

 
Keywords: forecasting, time series analysis, inverse transformation, system analysis. 
 
 

МЕТОД ОБРАТНОГО ПРЕОБРАЗОВАНИЯ ДЛЯ АНАЛИЗА ВРЕМЕННЫХ РЯДОВ 
 

Т. А. Ширяева1, В. А. Хлупичев1, А. К. Шлепкин1*, О. Л. Мельникова2 
 

1Красноярский государственный аграрный университет 
Российская Федерация, 660001, Красноярск, просп. Мира, 90 

2Хакасский государственный университет имени М. Ф. Катанова 
Российская Федерация, 655017, Абакан, просп. Ленина, 90 

 *E-mail:ak_kgau@mail.ru 
 
В современных условиях развития технологий признаки системности проявляются в той или иной степени 

во всех областях, поэтому использование системного анализа является актуальной задачей. При этом глав-
ными факторами в данной ситуации являются обработка данных и прогнозирование состояния системы. Для 
заданного объекта в качестве способа прогнозирования в данной работе применяется моделирование, а точ-
нее математическое моделирование. Математическая модель – это универсальное средство исследования 
сложных систем, представляющее собой приближенное описание какого-либо класса явлений внешнего мира, 
выраженное с помощью математической символики. 

Математическую модель можно представить как совокупность систематических компонентов и случай-
ной составляющей. В данной статье регрессионная модель уже определена, а в качестве объекта прогнозиро-
вания рассмотрена остаточная нерегулярная компонента модели, которая отражает воздействие многочис-
ленных факторов случайного характера. 
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Происхождение, природа и законы изменения данной случайной величины нам неизвестны, поэтому для мо-
делирования ее поведения или предсказания ее будущих значений, необходимо с высокой степенью достоверно-
сти установить вид непрерывной функции распределения данной случайной величины. 

Для этого была рассчитана эмпирическая функция распределения с помощью выборки из значений случай-
ной величины. Данная эмпирическая функция в определенной степени приближена к значениям искомой неиз-
вестной функции распределения. Полученная эмпирическая функция носит дискретный характер, поэтому 
необходимо применить кусочно-линейную интерполяцию и, таким образом, получить непрерывную функцию 
распределения. 

В исходную регрессионную модель была включена спрогнозированная случайная компонента временного ря-
да. Для того чтобы сравнить дополненную и исходную регрессионные модели, из динамического ряда были ис-
ключены несколько значений и построен новый прогноз. Рассчитано значение средней ошибки аппроксимации 
для оценки качества модели. Дополненная регрессионная модель показала себя эффективнее исходной. 

 
Ключевые слова: прогнозирование, анализ временных рядов, обратное преобразование, системный анализ. 
 
Introduction. For the specialists involved in data 

analysis, in most cases prediction may be said to be the 
main goal and task. Modern methods of statistical fore-
casting are often able to predict almost any possible indi-
cators with high accuracy [1]. 

Forecasting is a system of scientifically based ideas 
about the possible conditions of an object in the future 
and alternative ways of its development [2]. There are no 
universal prediction methods for all occasions. Any prac-
tical forecasting problem can be satisfactorily solved only 
by a limited number of methods [3]. The choice of a fore-
casting method and its effectiveness depend on many 
conditions: the purpose of the forecast, the period of its 
lead prediction, the level of detailing and the availability 
of initial information [4]. The most commonly used fore-
casting method is mathematical modeling. A mathemati-
cal model is an approximate description of a specific 
process or phenomenon of the external world, expressed 
using a mathematical apparatus [5]. 

The components of the time series. Commonly, 
when studying a time (dynamic) series, it is depicted in 
the form of the following mathematical model: 

t t tY Y E 


 

where tY  – time series value; tY


 – systematic (determinis-

tic) component of the time series; tE  – random compo-

nent of the time series [6]. 
The systematic component of the time series Yt  is a 

result of the influence of constantly acting factors on the 
process being analyzed. Two main systematic compo-
nents of the time series can be distinguished: 

1. The trend of the time series. 
2. The cyclic oscillations of the time series. 
A trend is a general pattern of change in the indicators 

of the time series, stable and observed over a long period 
of time. A trend is described using some function, usually 
monotonic. This function is called 'trend function', or 
simply “trend” [7]. 

Among the factors that form the cyclical oscillations 
of the series, in turn, two components can be distin-
guished: 

1) seasonality; 
2) cyclicity. 
Seasonality is a result of the influence of factors act-

ing at a predetermined periodicity. These are regular fluc-

tuations that are periodic in nature ending within a year. 
The cyclic component is a nonrandom function that  
describes long (more than a year) periods of rise and  
fall [8; 9] 

The random component of the time series Et is the 
component of the time series remaining after the alloca-
tion of systematic components. It reflects the effects  
of numerous random factors; it is a random, irregular 
component. 

Random variables are diverse in nature and origin, al-
though the distribution law can be written in a uniform 
universal form, namely, in the form of a distribution func-
tion that is equally suitable for discrete and continuous 
random variables [10]. 

Inverse Transformation Method. For forecasting 
purposes, as well as simulation, one may need a method 
for generating the random component of a time series.  
For this purpose, we use the inverse transformation 
method. 

Let the random variable  X have the distribution func-
tion F(x). We assume that F–1(x) is the inverse function  
of F(x). Then the algorithm for generating the random 
variable X with the distribution function F(x) will be the 
following: 

1. Generate the value U having the uniform distribu-
tion over the interval (0;1); 

2. Return  X = F–1(U). 
Fig. 2 depicts this algorithm graphically; the random 

variable corresponding to this distribution function can 
take either positive or negative values; it depends on the 
specific value of U. In Fig. 1, the random number U1 
gives the positive value of the random variable X1 as  
a result, while the random number U2 gives the negative 
value of the random variable X2 as a result [11]. 

Estimating the distribution function of a random 
variable. Let us consider the time series as a sequence  
x1, x2, …, xn of independent and equally distributed, ac-
cording to a certain law, random variables; this sequence 
is called the sample of volume n. Each xt(t = 1, 2, ..., n) is 
called variation. Having the sample, we do not have in-
formation about the form of the distribution function F(x). 
It is required to construct an estimate (approximation) for 
this unknown function. 

The most preferred estimate of the function F(x)  will 
be the empirical distribution function Fn(x).  
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Fig. 1. Using the Inverse Transformation Method to generate a random variable 
 

Рис. 1. Использование метода обратного преобразования 
для генерирования случайной величины 

 
 
 

 
 

Fig. 2. Graph of the empirical distribution function Fn(e) 
 

Рис. 2. График эмпирическая функция распределения Fn(e) 
 

 
The empirical distribution function (sampling distribu-

tion function) is the function Fn(x), which determines the 
relative frequency of the event X < x for each x value, i. e. 

( ) ,x
n

n
F x

n
  

where nx –  the number of xt values, less than x; n – sam-
ple size. 

With a sufficiently large sample size, the functions 
Fn(x) and F(x) = P(X < x) differ insignificantly from each 
other.  

The difference between the empirical distribution 
function and the theoretical one is that the theoretical dis-
tribution function determines the probability of the event 

X<x, and the empirical function determines the relative 
frequency of the same event [12]. 

The empirical distribution function has all the proper-
ties of the integral distribution function: 

1) the values of the empirical distribution function  
belong to the interval [0; 1]; 

2) Fn(x) is non-decreasing function; 

3) Fn(x) = 0 at minx x , if minx is the smallest variation; 

Fn(x) = 1 at minx x , if minx is the largest variation [6]. 

However, to use the inverse transformation method, it 
is convenient to have a continuous distribution function; 
therefore, it is necessary to interpolate the obtained em-
pirical function. 
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Building a predicted model. We give an example of 
using the inverse transformation method when construct-
ing a predicted model. As the initial data, we use the av-
erage monthly indicators of power consumption in the 
Krasnoyarsk Territory for 3 years from January 2009 to 
December 2011 [13]. 

Using some regression model, the forecast values of 

the time series were calculated. Actual Yt and predicted tY


 

values of the time series are presented in tab. 1 
We build the empirical distribution function of the 

values of the deviations te  of the predicted values tY


 

from the actual values tY  of the time series t t te Y Y 


. 

To do this, it is necessary to rank the sample {et}, thus 
obtaining the sample ( ) (1) (2) ( ){ { ... }t ne e e e     (tab. 2). 

Since the frequency of each variation equals 1, the 
empirical function will have the following form: 







(1)

( ) ( 1)

( )

0, , ;

...;

( ) 0,1,..., ;, , ;

...;

1, , .

n t t

n

e e

t
F е t ne e e

n

e e



  

   




  

 

The graph of the function Fn(e) is shown in fig. 2. 
The obtained empirical function Fn(e) has a discrete 

form. We use piecewise linear interpolation to obtain the 
continuous distribution function of the random variable 

*( )nF e . To do this, we use the equation of a straight line 

passing through two points: 

2 1
1 1

2 1

( )
y y

y x x y
x x

 
     

. 

 

The continuous distribution function of the random variable *( )nF e  will have the following form: 

 

  



(1)

( ) ( ) ( 1)
( 1) ( )

( )

0, , ;

...;

1 1 1
( ) ( ' ) , , ; 0,1, ..., ;

1

...;

1, , .

n t t t
t t

n

e e

n t
F e e e e e e t n

e e n

e e




  




              


  

 

 
Table1 

Actual Yt and predicted 

tY  values of the time series 
 

t Yt tY


 t Yt tY


 t Yt tY


 t Yt tY


 

1 51.0123 53.09764 11 35.5809 43.42324 21 37.8690 44.58914 31 17.1468 15.15964 
2 38.2345 38.37535 12 53.2584 54.26158 22 63.4957 57.61664 32 20.8548 21.45395 
3 40.0023 35.24303 13 52.3887 52.69219 23 72.9843 72.28322 33 29.3791 31.55531 
4 25.1288 32.13879 14 39.9125 41.30390 24 88.0214 83.09426 34 51.1710 44.09931 
5 22.9338 27.08163 15 39.2113 32.14284 25 82.6095 79.01463 35 61.5869 59.79590 
6 27.0146 20.64426 16 31.3420 24.38189 26 62.7282 63.15378 36 71.2594 73.02318 
7 25.1154 17.77792 17 26.0102 19.52312 27 50.0250 48.20592    
8 16.6987 19.20278 18 20.5578 17.87433 28 29.6211 34.02474    
9 27.3114 23.86244 19 12.1214 22,62140 29 22.2954 22.75450    
10 29.2400 31.48983 20 24.9374 32.44863 30 17.8092 15.25792    

 

 
Table 2 

Range of Values te  and ( )te  
 

t te  ( )te  t te  ( )te  t te  ( )te  t te  ( )te  

1 –2.085 –10.500 11 –7.842 –2,085 21 –6.720 1.791 31 1.987 6.370 
2 –0.141 –7.842 12 –1.003 –1.764 22 5.879 1.819 32 –0.599 6.487 
3 4.759 –7.511 13 –0.303 –1.391 23 0.701 1.987 33 –2.176 6.960 
4 –7.010 –7.010 14 –1.391 –1.003 24 4.927 2.551 34 7.072 7.068 
5 –4.148 –6.720 15 7.068 –0.599 25 3.595 2.683 35 1.791 7.072 
6 6.370 –4.404 16 6.960 –0.459 26 –0.426 3.449 36 –1.764 7.337 
7 7.337 –4.148 17 6.487 –0.426 27 1.819 3.595    
8 –2.504 –2.504 18 2.683 –0.303 28 –4.404 4.759    
9 3.449 –2.250 19 –10.500 –0.141 29 –0.459 4.927    

10 –2.250 –2.176 20 –7.511 0.701 30 2.551 5.879    
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The graph of the function *
36 ( )F e  is shown in fig. 3. 

Evaluating the predicted model. For further analysis 
of this method, let us consider several forecast models 
[14]: 

1. We take the value tY  of the time series as  

a completely deterministic process, to carry out the fore-

cast we use the values tY


 calculated using the regression 

model; 
2. The value tY  of the time series will be taken as a 

random variable for which we construct the distribution 

function *( )nF e  and calculate the predicted values tY  ; 
3. We will take the value tY  of the time series as  

a set of values tY


 calculated using the regression model 

and the random component et, for which we construct the 

distribution function *( )nF e  and calculate the predicted 

values te . 

Let us make the operational prediction of energy con-
sumption levels. For this purpose, we exclude from  
consideration the last 5 observations from the sample  
and we calculate new  estimates of the parameters  of the  

regression model, as well as the new distribution func-

tions *
31( )F x  and *

31( )F e . 

We apply the inverse transformation algorithm to the 

obtained functions *
31( )F x  and *

31( )F e . To this end, we 

generate the sample {ut} of random numbers having a 
uniform distribution in the interval [0; 1], and return 

* 1
31 ( )tY t F u   and * 1

31 ( )te t F u  . The calculation results 

are presented in tab. 3. 
When considering the obtained results, it is clear that 

the sum t tY e  is closer to the actual data than the pre-

dicted values calculated using the regression model. Thus, 
the predicted values smoothed out the predicted error to 
an extent (fig. 4). 

As a criterion for assessing the quality of the model, 
we determine the value of the average approximation er-
ror, which is calculated using the formula [15]: 

 
1

1
100 %,

act pr

a

n

ctt

А
Y Y

Yn 


   

where Ypr – predicted value of time series; Yact – actual 
value of time series; n – size of time series [10].  

 
 

 
 

Fig. 3. Graph of the continuous distribution function *
36 ( )F e  

 

Рис. 3. График непрерывной функции распределения  *
36 ( )F e  

 
 
 
 

Table 3 
Results of applying the inverse transformation algorithm 

 

№ t tY


 ut te  t tY e  tY   
1 32 25.1456 0.0608 –7.1360 18.0096 6.9693 
2 33 37.1619 0.6514 1.9654 39.1274 14.9283 
3 34 52.0351 0.6577 2.1085 54.1436 15.2489 
4 35 70.5459 0.0515 –7.1507 63.3952 6.8725 
5 36 86.8325 0.5448 0.3808 87.2133 13.4902 
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Fig. 4. Graph display of predicted results 
 

Рис. 4. Графическое отображение результатов прогноза 
 
 

The values of the average approximation error for tY


, 

tY  and t tY e


are the following: 

1) ( ) 17,03 %;tA Y 


 

2) ( ) 71,18 %;tA Y    

3) ( ) 15,59 %.t tA Y e 


 

The highest indicator of the average approximation 
error was obtained under the assumption that the time 
series Yt is a random variable. The average approximation 
error for the regression model is 54.15 % less, which tells 
us that the time series is a determinate value. As a result 
of including values te  in regression, the average ap-

proximation error decreased by approximately 1.44 %. 
Conclusion. The method presented above can be used 

to determine the continuous distribution function of a 
random variable and generate a random variable for pre-
dicting and simulation purposes. 
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Any space computing complex is a complicated system. A complicated system is understood as a set of functionally 

related heterogeneous devices designed to perform certain functions and solve problems facing the system. One of the 
important characteristics of a system is its uptime. This characteristic is often considered to be a random variable. 
However, such a mathematical model is quite limited, since the uptime depends on many characteristics (parameters) 
that describe a system. Therefore, the uptime can be assumed to be a continuous random field (that is, a random func-
tion of many variables). It is this approach that is used in this work. If there are certain restrictions on the uptime  
of a computing system, upper estimates are found for the distributions of a random number of system failures. There-
fore, the problem of estimating Gaussian field distribution in Hilbert space arises. 

Two theorems that allow calculating the probability of a Gaussian vector falling into a sphere of a given radius are 
proved in the paper. 

The paper is devoted to the reliability of a computing system. The random number of a computing system failures 
v(r) is a characteristic of its reliability.  The v(r) distribution is the distribution of the sum of a computing system ran-
dom uptime. It is impossible to write down the distribution v (r) explicitly. Therefore, one has to look for an estimate of 
these distributions from above. Assuming that the uptime of a computing system is the sum of many variables, the au-
thors of the paper obtained the following results: it is shown that the problem of estimating the distributions of a ran-
dom number of system failures can be considered as the problem of estimating the convergence rate  in the central limit 
theorem in Banach spaces; if there are certain restrictions on the uptime of a computing system, upper estimates are 
found for the distributions of a random number of system failures. The estimates obtained can be used for further  
research in the theory of computing systems reliability. Knowing these upper estimates, it is possible to predict the level 
of average costs for computer systems restoration, as well as for the development of special mathematical and algo-
rithmic support for analysis systems, for management, decision-making and information processing tasks. 

 
Keywords: computing system, distribution function, systems analysis. 
 

О ФУНКЦИИ РАСПРЕДЕЛЕНИЯ ВРЕМЕНИ БЕЗОТКАЗНОЙ РАБОТЫ  
СЛОЖНОЙ ВЫЧИСЛИТЕЛЬНОЙ СИСТЕМЫ 
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Любой космический вычислительный комплекс представляет собой сложную систему. Под сложной сис-

темой понимают совокупность функционально связанных разнородных устройств, предназначенных для вы-
полнения определенных функций и решения стоящих перед системой задач. Одной из важных характеристик 
работы системы является время ее безотказной работы. Часто эту характеристику считают случайной 
величиной. Но такая математическая модель является довольно ограниченной, так как время безотказной 
работы зависит от многих характеристик (параметров), описывающих систему. Поэтому можно предполо-
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жить, что время безотказной работы есть непрерывное случайное поле (то есть случайная функция многих 
переменных). Именно такой подход применяется в данной работе. При наличии определенных ограничений на 
время безотказной работы вычислительной системы найдены верхние оценки для распределений случайного 
числа отказов системы. Поэтому возникает вопрос оценки распределения гауссовского поля в гильбертовом 
пространстве. 

В работе доказаны две теоремы, которые позволяют вычислить вероятность попадания гауссовского 
вектора в шар заданного радиуса. 

Данная работа посвящена надежности работы вычислительной системы. Одной из характеристик на-
дежности вычислительной системы является случайное число ее отказов v(r). Распределение v(r) есть рас-
пределение суммы случайных времен безотказной работы вычислительной системы. Записать распределение 
v(r) в явном виде невозможно. Поэтому приходится искать оценку этих распределений сверху. В предположе-
нии, что время безотказной работы вычислительной системы есть сумма многих переменных, в данной рабо-
те получены следующие результаты: показано, что задачу оценки распределений случайного числа отказов 
системы можно рассматривать как задачу оценки скорости сходимости в центральной предельной теореме  
в банаховых пространствах; при наличии определенных ограничений на время безотказной работы  вычисли-
тельной системы найдены верхние оценки для распределений случайного числа отказов системы. Полученные 
оценки могут быть использованы для дальнейших исследований в теории надежности вычислительных сис-
тем. Зная эти верхние оценки, можно прогнозировать уровень средних затрат на восстановление вычисли-
тельных систем, а также для разработки специального математического и алгоритмического обеспечения 
систем анализа, для задач управления, принятия решений и обработки информации. 

 
Ключевые слова: вычислительная система, функция распределения, системный анализ. 
 
Introduction. Any space computing complex is a 

complicated system. A complicated system is understood 
as a set of functionally related heterogeneous devices de-
signed to perform certain functions and solve problems 
facing the system. One of the important characteristics of 
a system is its uptime. This characteristic is often consid-
ered to be a random variable. However, such a mathe-
matical model is quite limited, since the uptime depends 
on many characteristics (parameters) that describe a sys-
tem.  

Therefore, the uptime can be assumed to be a continu-
ous random function of many variables. Such an assump-
tion is used in the literature [1–15]. In this work we will 
also stick to it. 

It is known that the characteristic functional of a ran-
dom variable Y in the Hilbert space H is the functional 

( ) exp{ ( , )},Y Z E i Z X   

where z H , (Z, Y) is the scalar product in H, i= 1 , Е  
is the sign of mathematical expectation. Let R be the co-
variant vector of a random variable Н, EY = A. If Y is a 
Gaussian vector in H, then its characteristic functional has 
the form: 

1
( ) exp{ ( , ) ( , }.

2Y Z i A Z RZ XZ    

The converse is also true, that is, if Y has a characteris-
tic functional that meets these requirements, then its dis-
tribution is Gaussian.  

The covariant operator R of the Gaussian vector Y is a 
kernel and completely continuous one; therefore it has an 
orthonormal basis of eigenvectors ek , k = 1,2,…  Let us 
denote k , that is, the eigenvalue of the operator R, corre-

sponding to the eigenvector ek. Let k  > 0 be random 

variables 

л
( , )k

k

Y A e
 


 

which are independent, have a normal distribution and 

0kE  , 2 1kE  . Thus, the Gaussian vector Y can be 

written as 

1

.k k k
k

Y A e




     

The representation of the Gaussian vector Y can be 
used in various calculations. In particular, if we denote 

( , ),k kA e   then the characteristic function for the real s 

of a random variable 
2

H
Y  has the form 
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2 2
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It is known that the distribution F (x) of a random 
variable is uniquely restored by the form of the character-
istic function ( )t : 

1
( ) ( ) ( )

2

itx itye e
F y F x t dt
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Statement of the main results. 
Theorem 1. Let k be the eigenvalue of the covariant 

operator R of a Gaussian vector Y. Then the probability  
of Y falling into a sphere of radius r is 

  
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Theorem 2. Let  be the maximum eigenvalue  
of the covariant operator R of a Gaussian vector Y. Then 
the probability of Y falling into a sphere of radius r is 
equal to: 

2
2

2

24
0

2 1
( ) sin

21 (2 )

r

H

tr
P Y r dt

t t



 
  
 . 

The proof of Theorem 1. Since 
2( ) ( )H HP Y r P Y r    then by the inversion formula: 
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Let us simplify the form of the function using the 
properties of the functions of the complex variable [4]: 

ln(1 2 ) ln 1 2 (arg(1 2 ) 2 )k k kit it i it k           

arg(1 2 ) arctg2 2k kit t k      . 

Substituting, we obtain 

2

1 1

2 2
2 2

1
ln(1 (2 ) ) (arctg2 2 )

2

1 cos sin
( )

2

.
k k

k k

H

t i t k

i tr tr i
P Y r

t

e e

 

 





    

 
  



 



 

Let us use the properties of the functions of the com-
plex variable again: 
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In the future, for the convenience of calculations we 
introduce the following notation: 
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Substituting the introduced notation in the formula, we 
obtain 
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The imaginary part is 0, since the integrand is odd and 
is considered on the entire axis ( ; )  . Then 
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We take into account the following: 
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As a result, the formula will take the form: 
21

ln(1 (2 ) )
4

2 21
( sin cos )

2

kt
e

C tr S tr S dt
t

  



  
   

 

21
ln(1 (2 ) )

4

2
2

1

1

2

arctg2 2

2cos sin
2 2

kt

k
k

e

t

tr t k
tr

dt

  







 


 
    

  
 
 
 



  



 
 
 

Сибирский журнал науки и технологий.  Том 21,  № 1 
 

 44

21
ln(1 (2 ) )

4

2
2

1

1

arctg2 2

cos sin
2 2

kt

k
k

e

t

tr t k
tr

dt

  







 


 
    

 
 
 
 



  

Knowing that the function is symmetric with respect 
to the origin of coordinates, we can write 
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The theorem is proved. 
The proof of Theorem 2. The practical use of Theo-

rem 1 is difficult, since, firstly, the knowledge of all ei-
genvalues of k is assumed, and secondly, the integral 

sign contains infinite sums. Therefore, one has to confine 
oneself to estimates from above the studied probability. 
It's obvious that 
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Consequently 
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Let us consider the integrand 
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It is obvious that 
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function p(t) is a bounded one. p(t) =0 at 
2
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The theorem is proved. 
Thus, one can find the numerical values of the upper 

probability estimates ( )
H

P Y r depending on the radius 

of the sphere r and the maximum eigenvalue  of the  
covariant operator R. Table was compiled for some values 
of r and  . 

Upper numerical estimates in the case of Gaussian 
uptime of a computing system. Let 
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tr
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If the random uptime of the computing system  
is a normal random field, then its distribution determined 
by the norm of the space C (K) can be estimated numeri-
cally from above. To do this, one only needs to know the 
value of the maximum eigenvalue   of the covariance 
operator R. Then using the embedding inequality [5] we 
have: 

( ) ( ) , ,
c h H

r r
P Y r P a Y r P Y J

a a
            
   

 

the constant a is equal to a fixed number, which  
is determined exactly depending on the number of vari-
ables d of the random field and the space H that is em-
bedded in C (K). 

Conclusion. This paper is devoted to the reliability of 
the computing system. One of the characteristics of the 
computing system reliability is the random number of its 
failures v (r). The distribution v (r) is the distribution of 
the sum of random times Xi (t) of the failure-free opera-
tion of the computing system, i = 1, ..., n. It is impossible 
to write down the distribution v (r) explicitly. Therefore, 
one has to look for an estimate of these distributions from 
above. Assuming that the uptime Xi (t) of the computing 
system is the sum of many variables, the authors of the 
paper obtained following results: 

– it is shown that the problem of estimating the distri-
butions of a random number of system failures can be 
considered as the problem of estimating the rate of con-
vergence in the central limit theorem in Banach spaces; 

– if there are certain restrictions on the uptime X (t) of 
the computing system, upper estimates are found for the 
distributions Fn (r) of a random number of system fail-
ures. These estimates can be written as 

( ) (ln ) ,n
r Tn

F r cn n
a n

  
  
 

 

where N (r) is the normal distribution, the constants a, c 
are determined earlier, the exponents ,  are determined 

by the conditions on X (t). 
Numerical upper estimates of the form 

( ) ( , )N r J r  are found for the normal distribution N(r). 
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  
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The estimates obtained can be used for further re-
search in the theory of computing systems reliability. 
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Upper probabilities for ( )
С

P Y < r  
 

r 1   2   3   r 1   2   3   

0.1 0.0583 0.0415 0.0340 2.6 0.7586 0.6693 0.6034 

0.2 0.1139 0.0817 0.0671 2.7 0.7659 0.6807 0.6161 

0.3 0.1169 0.1200 0.0993 2.8 0.7724 0.6914 0.6282 

0.4 0.2171 0.1580 0.1306 2.9 0.7783 0.7013 0.6397 

0.5 0.2647 0.1941 0.1610 3,0 0.7836 0.7106 0.6506 

0.6 0.3096 0.2289 0.1905 3.1 0.7884 0.7193 0.6610 

0.7 0.3520 0.2624 0.2191 3.2 0.7926 0.7273 0.6708 

0.8 0.3917 0.2945 0.2469 3.3 0.7965 0.7348 0.6801 

0.9 0.4289 0.3253 0.2737 3.4 0.7999 0.7418 0.6893 

1.0 0.4637 0.3549 0.2997 3.5 0.8029 0.7482 0.6972 

1.1 0.4960 0.3831 0.3248 3.6 0.8057 0.7542 0.7051 

1.2 0.5260 0.4101 0.3490 3.7 0.8082 0.7598 0.7125 

1.3 0.5538 0.4358 0.3724 3.8 0.8104 0.7650 0.7195 

1.4 0.5795 0.4603 0.3949 3.9 0.7124 0.7698 0.7261 

1.5 0.6031 0.4836 0.4166 4.0 0.8142 0.7742 0.7323 

1.6 0.6248 0.5057 0.4374 4.1 0.8159 0.7783 0.7382 

1.7 0.6446 0.5266 0.4574 4.2 0.8173 0.7821 0.7437 

1.8 0.6628 0.5465 0.4766 4.3 0.8187 0.7856 0.7489 

1.9 0.6793 0.5653 0.4951 4.4 0.8199 0.7889 0.7538 

2.0 0.6943 0.5830 0.5127 4.5 0.8210 0.7919 0.7584 

2.1 0.7079 0.5997 0.5296 4.6 0.8219 0.7947 0.7627 

2.2 0.7202 0.6154 0.5458 4.7 0.8228 0.7973 0.7668 

2.3 0.7313 0.6302 0.5612 4.8 0.8224 0.7997 0.7706 

2.4 0.7414 0.6441 0.5759 4.9 0.8237 0.8019 0.7742 

2.5 0.7504 0.6571 0.5900 5.0 0.8251 0.8040 0.7776 

 
 
The average number of system failures is 

1

( ) ( )n
n

H r F r




 , therefore, knowing the upper estimates 

for Fn (r), one can obtain upper estimates for H (r)  
and predict the level of average costs for the restoration  
of computing systems. 
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ABOUT NON-PARAMETRIC IDENTIFICATION OF PARTIAL-PARAMETRED  

DISCRETE-CONTINUOUS PROCESS 
 

D. I. Yareshchenko 

 
Siberian Federal University 

26/1, Akademika Kirenskogo St., Krasnoyarsk, 660074, Russian Federation 
E-mail: YareshenkoDI@yandex.ru 

 
The paper considers a new class of models under conditions of incomplete information. We are talking about multi-

dimensional discrete-continuous processes for the case where the components of the vector of output variables are  
stochastically dependent. The nature of this dependence is a priori unknown, but for some channels the a priori infor-
mation corresponds to both nonparametric and parametric type of the initial data in the process under study. Such  
a situation leads to a system of nonlinear equations, some of which will be unknown, while others are known accurate 
to the vector of parameters. 

The main purpose of the model is to determine the forecast of output variables with known input, and for implicit 
nonlinear equations it is only known that one or another component of the output depends on other variables that de-
termine the state of the object. 

Thus, a rather nontrivial situation arises when solving a system of implicit nonlinear equations under conditions 
where in one channel of a multidimensional system equations themselves are not in the usual sense, while in others they 
are known up to parameters. Therefore, an object model cannot be constructed using the methods of the existing identi-
fication theory as a result of a lack of a priori information. If it was possible to parameterize the system of nonlinear 
equations, then with a known input this system should be solved, since it is known and the parameterization stage is 
over. However, in this case it is still necessary to evaluate parameters. The main content of this article is the solution of 
the identification problem in the presence of a partially-parameterized discrete-continuous process, despite the fact that 
the parameterization stage cannot be overcome without additional a priori information on the process under study. 

In this regard, the scheme for solving the system of nonlinear equations can be represented as a certain sequential 
algorithmic chain. First, on the basis of the available training sample, including all components of the input and output 
variables observation, a residual vector is formed. After that, an estimate of the object output with known values of the 
input variables is constructed based on the estimates of Nadarai-Watson. Thus, for given values of the input variables 
of such a process, it is proposed to carry out a procedure for evaluating the forecast of output variables in accordance 
with the developed algorithmic chain. 

Numerous computational experiments, studying the proposed models of partially-parameterized discrete-continuous 
processes have shown their rather high efficiency. The article presents the results of computational experiments illustrating 
the effectiveness of the proposed technology for predicting values of output variables from known input variables. 

 
Keywords: partially parameterized discrete-continuous process, identification, nonparametric estimates, КT-

models. 

 
О НЕПАРАМЕТРИЧЕСКОЙ ИДЕНТИФИКАЦИИ ЧАСТИЧНО-ПАРАМЕТРИЗОВАННОГО  

ДИСКРЕТНО-НЕПРЕРЫВНОГО ПРОЦЕССА 
 

Д. И. Ярещенко 

 
Сибирский федеральный университет 

Российская Федерация, 660074, ул. Академика Киренского, 26, корп. 1 
E-mail: YareshenkoDI@yandex.ru 

 
В работе рассматривается новый класс моделей в условиях неполной информации. Речь идет о многомер-

ных дискретно-непрерывных процессах для случая, когда компоненты вектора выходных переменных стохас-
тически зависимы, причем характер этой зависимости априори неизвестен, но по некоторым каналам апри-
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орная информация соответствует одновременно как непараметрическому, так и параметрическому типу 
исходных данных об исследуемом процессе. Подобная ситуация приводит к системе нелинейных уравнений, 
одни из которых будут неизвестны, а другие известны с точностью до вектора параметров. 

Главное назначение модели состоит в определении прогноза выходных переменных при известных входных, 
причем для неявных нелинейных уравнений известно лишь то, что та или иная компонента выхода зависит от 
других переменных, определяющих состояние объекта. 

Таким образом, возникает довольно нетривиальная ситуация решения системы неявных нелинейных урав-
нений в условиях, когда по одним каналам многомерной системы самих уравнений в обычном смысле нет, а по 
другим они известны с точностью до параметров. Следовательно, модель объекта не может быть построе-
на с помощью методов существующей теории идентификации в результате недостатка априорной информа-
ции. Если бы можно было параметризовать систему нелинейных уравнений, то при известном входе следовало 
бы решить эту систему, поскольку она в данном случае известна, раз этап параметризации преодолен, прав-
да, в этом случае необходимо еще выполнить оценку параметров. Основным содержанием настоящей статьи 
является решение задачи идентификации при наличии частично-параметризованного дискретно-непрерывного 
процесса, при этом этап параметризации не может быть преодолен без дополнительной априорной инфор-
мации об исследуемом процессе. 

В этой связи схема решения системы нелинейных уравнений может быть представлена в виде некоторой 
последовательной алгоритмической цепочки. Сначала на основании имеющейся обучающей выборки, вклю-
чающей наблюдения всех компонент входных и выходных переменных, формируется вектор невязок. А уже 
после этого оценка выхода объекта при известных значениях входных переменных строится на основании 
оценок Надарая – Ватсона. Таким образом, при заданных значениях входных переменных такого процесса 
предлагается осуществить процедуру оценивания прогноза выходных переменных в соответствии с разрабо-
танной алгоритмической цепочкой. 

Многочисленные вычислительные эксперименты по исследованию предлагаемых моделей частично-
параметризованных дискретно-непрерывных процессов показали достаточно высокую их эффективность.  
В статье приводятся результаты вычислительных экспериментов, иллюстрирующих эффективность предла-
гаемой технологии прогноза значений выходных переменных по известным входным. 

 
Ключевые слова: частично-параметризованный дискретно-непрерывный процесс, идентификация, непара-

метрические оценки, КТ-модели. 
 
Introduction. In numerous occasions for many tech-

nological, manufacturing, and multidimensional processes 
of a discrete-continuous nature, researchers are put  
in conditions where it is necessary to build a model  
of the process under study. These processes are dynamic 
in nature, but controlled at discrete intervals, including 
different ones, which results in dynamic processes to be 
seen as inertia-free with a time delay. For example, when 
grinding any materials (clinker, coal), the time constant  
is 5–10 minutes, and the control of the output variable, 
such as the fineness of grinding, is measured every two 
hours. In this case, the investigated process can be pre-
sented as inertia-free with delay [1]. 

Similar processes are often found in mining or proc-
essing industries, such as metallurgy (steel smelting), 
power industry (coal burning), construction (cement pro-
duction), oil refining (diesel purification) [2], and social 
sciences, including education (student learning) [3]. 

However, the most interesting and important thing is 
that while researching different processes there is a class 
of processes that is classified as T-processes [1]. Similar 
processes have stochastic dependence of output variables 
and require alternative methods of identification and con-
trol, slightly different from conventional ones. The main 
thing here is that identification of such objects should be 
carried out applying non-traditional for the existing theory 
of identification methods [4]. It is also interesting for the 
cases where a priori information corresponds to both non-
parametric and parametric types of raw data on the proc-
ess under investigation. Such processes are classified as 
KT processes [1]. 

A special feature of KT-processes is that equations of 
relations between input and output variables with accu-
racy to the vector of parameters are known for some 
channels of the multidimensional system, but are not 
known for the other channels, causing the fact that the 
mathematical description of the object is presented in the 
form of some analogue of the system with partially pa-

rameterized  , , 0, 1,jF u x j n    and unknown func-

tions with the view  , 0, 1,jF u x j n  . Thus, the prob-

lem of identification is reduced to the problem of solving 
the system of nonlinear equations of a partially-para- 
meterized discrete-continuous process with respect to vector 
components, and known values of input variables u. Specific 
identification tasks will diverge by different amount of a 
priori information on different channels, and by the fea-
tures of ongoing processes. What is important here is that 
we have to face a system of different equations in terms 
of mathematics, the solution of which will require devel-
opment of special methods. In this case, it is advisable to 
use methods of non-parametric statistics [5; 6]. 

KT-processes. Currently, the role of inertia-free sys-
tems with delay identification is increasing [7; 8]. This is 
because some of the most important dynamic object out-
put variables are measured at long intervals of time, far 
exceeding the time constant of the object. 

Let’s consider a general scheme of a discrete-
continuous process that functions under conditions of 
diverse a priori information, including non-parametric 
uncertainty, which is consistent with identification theory 
in a broad sense.  
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A feature of multidimensional object identification is 
that the process being investigated is described by a sys-
tem with implicit stochastic equations. 

      , , 0, 1,jF u t x t t j n     ,          (1) 

Where on some channels  jF   are unknown, and on 

other channels are known,   – on different channels of 
multidimensional system [1]. Further, for simplicity   
will be omitted. 

In general view, the investigated multidimensional 
system implementing the KT process can be shown  
in fig. 1. 

In fig. 1 the following symbols are set:  1,..., mu u u  – 

m-dimensional vector of input variables,  1,..., nx x x  – 

n-dimensional vector of output variables,  t  – random 

interference influencing the process, vertical arrows indi-
cate stochastic dependence of output variables, arc arrows 
show internal connection between variables, which is 
characteristic of a specific investigated process. Clearly, 
the nature of some relations remains unknown to the re-
searcher. 

Through various channels of the process under study, 
the dependence of the j component of vector x may be 
represented as some dependence on certain components 

of vector u:   , 1,j j
jx f u j n     . Such functions are 

determined by the researcher on the basis of available  
a priori information and are called a composite vector. A 
composite vector is a vector composed of some compo-

nents of the corresponding vector,  2 5 7 8, , ,ju x x x x    

in particular. It may also be any other set, for example, 

 5
1 3 6, ,u u u u    where 5u   is a composite vector,  

or  3
1 3 2, ,x u u x   . In this case, the system of equations 

becomes: 

 
 

 
 

1

2

1

, , 0,

, , 0,

... 1,

, 0,

, 0.

j j

j j

j j
n

j j
n

F u x

F u x

j n

F u x

F u x

   

   

   


   

  

  
 







,               (2) 

where  ˆ
jF   partially parameterized or unknown,   is a 

vector of parameters. 
KT-models. Multidimensional processes which out-

put variables acquire unknown stochastic relationships 
were called T-processes, so their models are respectively 
called T-models [1]. K-models are based on the use of 
diverse a priori information across different channels of a 
multidimensional object.  

A KT model combines T-model elements with K-
model elements and is a model in which there is a set of 
relationships between input and output variables, where 
dependences are known through some channels, for ex-
ample, by focusing on the laws of physics, but unknown 
in other channels. 

The main feature of modeling such a process in condi-
tions of non-parametric uncertainty is the fact that the 

type of functions  , 0, 1,j j
jF u x j n       is known 

for one certain channel and unknown for another. Natu-
rally, the model system can be presented as follows: 

 
 

 
 

1

2

1

ˆ ˆ, , 0;

ˆ ˆ, , 0;

... 1, ,

ˆ , , , 0;

ˆ , , , 0.

j j

j j

j j
n s s

j j
n s s

F u x

F u x

j n

F u x x u

F u x x u

   

   

   


   

  

  
 







 

 

         (3) 

where ,s sx u
 

 – time vectors (a data set, obtained by s-time 

point), in particular  1,...,s sx x x 


 

 11 12 1 21 22 2 1 2, ,..., ,..., , ,..., ,..., , ,...,s s n n nsx x x x x x x x x , but 

in this case some  ˆ , 1,jF j n   remain unknown. There-

fore, let’s consider the task of constructing KT models 
under non-parametric uncertainty that is under conditions 
where the system (3) is known for some channels and is 
not accurately known for others. 

So let the input of the object receive input variable 
values, which are certainly measured. The presence of a 

learning sample , , 1,i ix u i s  is necessary. In this case, 

estimation of the components of the output variable vec-
tor at known values, as already mentioned above, causes 
the need to solve the system of equations (3).  

 
 

 
 

Fig. 1. Multidimensional system 
 

Рис. 1. Многомерная система  
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In case the dependence of the output component on 
the component of the vector of input variables is not 
known, it is natural to use non-parametric estimation 
methods [9; 10]. 

The problem is that with a given value of the input 
variable vector u u , it is necessary to solve the  
system (3) with respect to the output variable vector x . 
For some channels of the multidimensional system, where 
equations accuracy within parameters is known, coeffi-
cients are found, for example, by the method of stochastic 
approximations [11]. For other channels where relations 
are unknown, the following algorithm chain [1] must  
be applied. First, inconsistencies are calculated by  
formula: 

  , , , , 1,j j
ij j s sF u x i x u j n     

 
,      (4) 

where   , , ,j j
s sF u x i x u     

 is accepted as non-

parametric estimates of Nadarai-Watson regression [12]: 

    

  1 1

1 1

,

[ ]
[ ] Ф

,
[ ]

Ф
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j
sui k

j ns
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sui k

i F u x i

u u i
x i

c
x i

u u i

c

 


 

 

 

 

  

  
  
  

  
  
 

 



               (5) 

where 1, , ,j n m    – composite vector dimensions 

ku . Bell curve function 
[ ]

Ф
k

k k

su

u u i

c

  
  
 

 and blur parame-

ter 
ksuc  comply with some convergence condition, so 

obtain the following: 

    
 

1 1Ф ; Ф 1;s s i
u

c c u u du 



              (6) 

    1 1lim Ф ,

lim 0, lim .

s s s i i

s s s s

c c u u u u

c sc

 


 

   
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           (7) 

Next step is estimation of conditional mathematical 
expectation: 

 | , 0 , 1,j
jx M x u j n     .              (8) 

As estimate (8) we accept non-parametric estimate of 
Nadarai-Watson regression [12]: 
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1 2

1 1 2
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1 1 1

1 1 1
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Ф Ф
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c c
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u u i i

c c

j n
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   

  

    
    

   
    

   
   



  

     (9) 

where bell curve  Ф   may be accepted in the form of 

triangular kernel (10) and (11), complying with the condi-
tions (6), (7). 

1 1 1 1

1 1

1 1
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0, 1.

k k k k

k k su su

su k k

su

u u i u u i

u u i c c

c u u i

c

  
  

  
  

  




 (10) 

2 2

2

2

0 [ ] 0 [ ]
1 , 1,

[ ]
Ф

0 [ ]
0, 1.

k k

k s s

s k

s

i i

i c c

c i

c

 





    
  

  
  

   




   (11) 

Algorithms (5), (8) and (9) are an algorithm chain 
necessary to calculate the prediction of the components of 
the output vector under the known input components [1]. 

While carrying out this procedure, we obtain values of 
output variables x at input influences on the object u u , 
which is the main purpose of the desired model that can 
further be used in different control systems [9], including 
organizational systems [3]. 

The accuracy of the simulation is estimated by the fol-
lowing formula: 

 
1

1

ˆ

s

i s i
i

s

i
i

x x u

x x






 






,                         (12) 

where ix  – object observation,  s ix u  –  object output 

forecast, x̂  – average value for every vector compo- 
nent x . 

Computational experiment. An object with five  
input variables  1 2 3 4 5, , , ,u u u u u u , and three output 

variables  1 2 3, ,x x x x , was taken for the computational 

experiment. For this object, a sample of input and output 
variables was formed based on the system of equations  
of two parametric and one non-parametric channel.  
As a result, a learning sample was obtained ,s su x

 
, where 

,s su x
 

 are time vectors. If the task was to be solved for a 

real object, the learning sample would be formed as a 
result of measurements carried out by the available con-
trol means. In the case of stochastic dependence between 
output variables, it is natural to describe the process, for 
example, by the following system of equations: 

 
 
 

1 1 3 1 2 5

2 1 2 4 5

3 1 2 3 2 3 5

ˆ , , , , 0;

ˆ , , , 0;

ˆ , , , , , 0.

x

x

x

F x x u u u

F x x u u

F x x x u u u

 
 




                 (13) 

Once a sample of observations has been obtained, it is 
possible to proceed with the task under study – to find the 
forecast of the values of the output variables x under the 
known input u. For the case where there was an equation 
dependency across the two channels, the coefficients were 
found applying the stochastic approximation method. 

To begin with, the inconsistencies are calculated ac-
cording to the procedure described above. Let us present 
the inconsistencies in the form of a system: 
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   
   
   

1 1 1 3 1 2 5

2 2 1 2 4 5

3 3 1 2 3 2 3 5

ˆ , , , , ;

ˆ , , , ;

ˆ , , , , , .

i i l l l

i i l l

i i i l l l

i F x x u u u

i F x x u u

i F x x x u u u

 

 

 

         (14) 

where , 1.3j j   – inconsistencies, for which corre-

sponding components of the output vector cannot be ob-
tained from parametrical equations. 

Forecast for system (13) is performed according to 
formula (9) for each component of object output. 

Input variables of newly generated input variables, i. 
e. not included in learning sample, are supplied to object 
input.  

The tunable parameter will be the blur parameter, 
which in this case will be taken to be 0.4 (the value was 

determined as a result of numerous experiments to reduce 
the quadratic error between the output of the model and 
the object) [13; 14], the blur parameter will be taken the 
same when counted in formulas (5) and (9), sample size 

2000s  , interference 0.07  . By component, we pro-

vide graphs for the object outputs 1 2,x x  and 3x . 

In fig. 2–4 ‘X’ shows the values of the variable output 
and the point of the model output. The figures demon-
strate a comparison of the test sample output vector com-
ponents true values and their predicted values obtained 
using algorithm (5)–(9). The figures show 20 sampling 
points due to the simplicity of results presentation, i. e. 
each one-hundred sampling point. The figures show that 
the model describes the object quite well at the interfer-
ence of 7 % acting on the components of the output vari-
ables. 

 
 

 
 

Fig. 2. Forecast values of the output variable 1x  with interference 7 % 

 
Рис. 2. Прогнозные значения выходной переменной 1x  при помехе 7 % 

 
 

 
 

Fig. 3. Forecast values of the output variable 2x  with interference 7 % 

 
Рис. 3. Прогнозные значения выходной переменной 2x  при помехе 7 % 
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Fig. 4. Forecast values of the output variable 3x  with interference 7 % 

 
Рис. 4. Прогнозные значения выходной переменной 3x  при помехе 7 % 

 
 
In fig. 3, the prediction of the output variable is 

slightly worse than for the rest of the output variables, this 
may be affected by: the quality of the learning sample, the 
dependency of the variables, random interference, blur 
parameters, etc. 

Conclusion. In the present work, the problem of iden-
tifying partially parameterized retarded multidimensional 
objects has been discussed. A number of features which 
appear include the fact that the identification task is con-
sidered in conditions of non-parametric uncertainty and, 
as a consequence, cannot be presented with precision to a 
set of parameters. Such processes can be well used in 
various control systems [15]. Based on the available a 
priori hypotheses, the system of equations describing the 
process is produced using composite vectors x and u. 
However, functions  F  continue to be unknown for 

some channels. The article discusses the method of calcu-
lating output variables of an object with known input 
variables, which allows to use them in computer systems 
of various purposes. 

It should also be noted that KT models have found 
their application in the actual catalytic hydrodepaffiniza-
tion process (or diesel purification process) and, as a re-
sult of computational experiments, have produced suffi-
ciently satisfactory results [2]. 

Numerous computational experiments have shown 
quite satisfactory KT simulation results. Issues related to 
the introduction of different interferences, different vol-
umes of learning samples were studied, as well as objects 
of different dimensions were investigated [4]. 
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One of the most important aspects of flight safety is awareness of AC air position (AC is the short for aircraft). The 

leading method of stating AC airspace location is the use of radar systems – primary, secondary, combined primary – 
secondary surveillance radars-though radar systems have significant drawbacks. However, at present, more advanced 
technologies are also in use, for example, ADS-B and multilateration. This article is focused on ADS-B broadcasting. 
Global coverage, low cost, great amount of obtainable information makes Automatic Dependent Surveillance – Broad-
cast a highly efficient system. Application of the method for AC air positioning is equally effective for helicopters, espe-
cially for those operated by special emergency services. As for the infrastructure of air navigation, the research in this 
sphere is focused on surveillance systems necessary for reliable control of increasing air traffic. The problem of better 
awareness of AC air position is still acute and has always been the object of extensive research. At present, home-
manufactured civil aviation helicopters are practically never equipped with ADS-B transponders, and hardly ever use 
the available resources of transceiver-based surveillance systems. The objective of the analysis presented is to demon-
strate the applicability of Flightradar system options, as well as implementation of ADS – B transponders for helicopter 
fleet. Operating surveillance systems like Flightradar may considerably increase flight safety by improving the aware-
ness of helicopters current air position. 

 
Keywords: transponder, monitoring, aircraft (AC), aviation, flight safety, helicopter, airspace, control. 
 

ИССЛЕДОВАНИЕ СИСТЕМЫ МОНИТОРИНГА ВОЗДУШНОГО ПРОСТРАНСТВА ADS-B 
 

А. Р. Акзигитов, Р. А. Акзигитов, Ю. В. Огородникова, Д. В. Дмитриев*, А. С. Андронов 
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Российская Федерация, 660037, г. Красноярск, просп. им. газ. «Красноярский рабочий», 31 
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Одним из важнейших аспектов в области безопасности полетов является осведомленность о местополо-

жении воздушных судов (ВС). Основным методом определения местоположения ВС в пространстве является 
использование радарных систем: первичных, вторичных, совмещенных первично-вторичных обзорных радиоло-
каторов, но у радарных систем есть существенные недостатки. Однако сейчас используются и более совре-
менные технологии, например, такие как ADS-B и мультилатерация. В данной работе акцент будет нацелен 
на радиовещание ADS-B. Покрытие всей поверхности Земли, низкая стоимость, обширность предоставляемой 
информации делает автоматическое зависимое наблюдение – вещание крайне эффективной системой. Ис-
пользование такого метода определения положения ВС является актуальным и для вертолетов, в особенно-
сти, состоящих в парке специальных служб. В области аэронавигационной инфраструктуры объектами ис-
следования являются системы наблюдения, необходимые для безопасной организации растущих объемов воз-
душного движения. Проблема увеличения осведомленности местоположения ВС в пространстве является все-
гда актуальной и имеет обширное количество исследований в этой области. На данный момент отечествен-
ные вертолеты гражданской авиация практически не оснащаются ADS-B транспондерами, а также не ис-
пользуют доступные ресурсы следящей системы на базе этих приемопередатчиков. Целью исследования явля-
ется обоснование применимости ресурсов системы Flightradar, а также оснащение парка вертолетов ADS-B 
транспондерами. Применение следящей системы, такой как Flightradar, позволит значительно увеличить 
безопасность полетов путем улучшения осведомленности о движении вертолетов в пространстве. 

 
Ключевые слова: транспондер, мониторинг, ВС, авиация, безопасность полетов, вертолет, воздушное про-

странство, контроль.  
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Introduction. The awareness of AC air position is 
one of the most important aspects of flight safety. The 
leading method for AC air positioning is the use of radar 
systems: primary, secondary, combined primary – secon-
dary surveillance radars, regardless of significant draw-
backs of these systems [1; 2]: 

1) No coverage of vast water areas and polar regions 
of the Earth. 

2) No built-in mechanism for detecting invalid data in 
request or response signals. 

3) The accuracy parameters are limited by the delay 
tolerance of the transponder, making the system unsuit-
able for aerodrome monitoring. 

4) The high cost of radars hampers their promotion in 
hard-to reach regions. 

However, there are such advanced technologies as 
ADS-B and multilateration. In the article, the main object 
of analysis is ADS-B radio broadcasting. Its characteris-
tics – coverage of the entire globe, low cost, the amount 
of provided information – make automatic dependent sur-
veillance-broadcast a highly efficient system. This AC air 
positioning method is also applicable for helicopters, in 
particular, for emergency helicopter fleet. This allows 
effective monitoring of helicopters operated in hard-to-
reach areas, as well as carrying out efficient rescue opera-
tions [3]. 

When used for air-to-ground surveillance, ADS-B of-
fers significant advantages in the way of flight safety 
compared to procedural air traffic control without radar 
surveillance. ADS-B data can be used in application of 
such automatic safety tools as short-term conflict-warning 
signals, ATC instructions of keeping the cleared flight 
level, of keeping to the routing line, warnings of entering 
the danger area – all these increase the level of flight 
safety and airspace security. With the surveillance equip-
ment, the air traffic controller has a much better picture of 
the environment [4; 5]. 

Mathematical method. Operation of Flightradar sys-
tem is based on the map showing the planes that are cur-
rently airborn. 

ADS-B functions demonstrate application of various 
methods and frequencies, in particular,  the extended 1090 
MHz squitter, as well as the universal access transceiver 
(UAT) (978 MHz) and a VHF digital link (VDL) of mode 
4 (118–137 MHz). 

Considering that ADS-B messages are radio-
transmitted, they can be read and processed by any suit-
able receiver. Consequently, ADS-B is able to support 
both the ground function and the ASA function. 

To receive and process ADS-B messages, ground sur-
veillance stations are set up. In case of on-board versions, 
aircraft equipped with ADS-B receivers can process mes-
sages from other aircraft in order to determine their air 
position [6]. 

Attitude and speed data are transmitted twice per sec-
ond. The aircraft identifying code is transmitted every 
five seconds. The ADS-B extended squitter (ES) trans-
mission is integrated in many S-mode transponders, al-
though that can also be performed by a transponder with-
out the S mode. This analysis below concerns the intro-
duction of certain technical solutions for the systems of 
AC monitoring in flight, with subsequent assessment of 
the performed modernization. The methods of carrying 
out AC modernization, the validity of decisions, the effi-
ciency assessment are presented in the form of recom-
mendations. 

The radar refresh rate is one message in 4 s, the ADS-
B rate – 0.5 s, and the RTK – 0.2 s. So, within the same 
time interval, more messages will be transmitted through 
the RTK than by means of the radar and the ADS-B, and 
radar messages will be least frequent [7; 8]. 

The data must be synchronized in order to obtain the 
accuracy of radar and ADS-B, and to compare the per-
formance of radar and ADS-B. For this, the asynchronous 
multi-surveillance data must be extrapolated to keep pace 
with each other. The synchronization progress of ADS-B, 
radar and  RTK is shown in fig. 1.  

First, it should be noted that the time is just the same 
for the ADS-B data, the radar data, and the basic data. 

 
 

 
 

Fig. 1 The ADS-B, radar and RTK data synchronization progress 
 

Рис. 1 Прогресс синхронизации ADS-B, РЛС и РТК  
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Then one can process the rest of the ADS-B data, the 
radar data and the basic data, so that they all are synchro-
nized. Then, the following steps are performed [9]: 

1) For the radar data, the reference time registered in 
the radar data is extracted, and the time T1 is marked. 

2) The reference time registered in the initial data as 
the closest to T1 is extracted, and marked as T2. 

3) Then, the location message (LA1, LO1), velocity 
message (V1) and heading message (H1) from T1-related 
radar data are received. The heading is determined  
as the angle between the AC flight direction and the true 
north heading, and H1 is taken from the radar messages  
of the radar station. This initially results from calculating 
the angle between the target and the antenna beam guid-
ance. 

4) This way, an extrapolated message of location 
(LA1E, LO1E) related to (LA1, LO1), V1 and H1 can be 
obtained. 

The expressions are as follows: 

2 1 1 1

2 1 1 1

1 1 ( ) cos ,

1 1 ( ) sin .

LA E LA T T V H

LO E LO T T V H

  
   

                (1) 

5) Further, the reference time registered in the ADS-B 
data as the closest to T2 is extracted, and marked as T3. 

6) Then, the data on location (LA3, LO3), velocity 
(V3), and heading (H3) related to T3 are received from 
the ADS-B. H3 is taken from the ADS-B messages sup-
plied by the station. Initially it was obtained from the 
navigation data source, and it is more accurate than the 
radar data. 

7) An extrapolated message of location (LA3E, LO3E) 
related to (LA3, LO3), V3 and H3 can be obtained. 

The expressions are as follows: 

2 3 3 3

2 3 3 3

3 3 ( ) cos ,

3 3 ( ) sin .

LA E LA T T V H

LO E LO T T V H

  
   

              (2) 

In the radar data, the location message is expressed in 
polar coordinates, and the ADS-B data location message 
is expressed in WGS-84 coordinates. To compare the 
ADS-B data and the radar data, it is necessary to convert 
the polar coordinates to WGS-84 coordinates [10].  
The conversion method presumes that, first, the oblique 
range, deviation angle and altitude are extracted from  
the radar data; next, the relative longitude and latitude of 
the radar station is calculated; finally, the sought longi-
tude and latitude are obtained by adding relative longitude 
and latitude to the longitude and latitude of the radar  
station. 

It is assumed that (φ, η) represent the longitude and 
latitude of the radar station, (latitude, longitude) are the 
latitude and longitude of the plane, (α, β) are the relative 
longitude and latitude of the radar station, h is the level of 
the plane, r is the oblique range, and θ is the deviation 
angle. 

Transformation expression for latitude: 

2 2 cos ( ),
180

.

r h R

latitude

       

    

                (3) 

Transformation expression for longitude: 

2 2 sin cos( ) ( );
180

.

r h R latitude

longtitude

        

    

      (4) 

It becomes obvious that the error between the position 
derived from the above expressions and the actual posi-
tion is considerable, because the Earth is regarded as per-
fectly spherical, regardless of the problem of its eccentric-
ity (the Earth is actually an ellipse). Hence, we improve 
the method [11; 12]: 

1) The Earth coordinates issued by the radar station 
are converted to the Earth-centered and fixed (ECEF) 
coordinates; 

2) The oblique range, deviation angle and altitude are 
extracted from the radar data in order to calculate the Car-
tesian coordinates of the plane; 

3) the Cartesian coordinates of the plane are converted 
to ECEF coordinates; 

4) the ECEF coordinates are converted to WGS-84 
coordinates. 

The expressions for making these conversions are as 
follows: 

1) Expressions for converting the Earth coordinates to 
ECEF coordinates: 

2

( )cos cos ;

( )cos sin ;

( (1 ) )sin ,

r r r r

r r r r

r r r

x c H L

y c H L

z c e H L

   


  
   

           (5) 

where ( rL ,  r ,  rH ) – Earth coordinates of the station 

radar; ( rx ,  ry ,  rz ) – ECEF coordinates; е – oblique 
range 

21 sin(2 )

qE
c

e L



                          (6) 

where Eq –  Earth radius. 
2) Expressions for converting polar coordinates to 

Cartesian coordinates: 

cos cos ;

cos sin ;

cos ,

n

n

n

x r

y r

z r

  
   
  

                            (7) 

where (r,   ,   ) – polar coordinates of the plane;  
(xn, yn, zn) – Cartesian coordinates. 

3) Expressions for converting Cartesian coordinates to 
ECEF coordinates: 

 
 

2

( ) ( );

sin sin cos cos cos

cos sin sin cos sin ;

0 cos sin

( ) ( ) ( ) ( ) ;

.

rt

rt r rl

r r r r r

r r r r

r r

rt rt rt

T
r r r r

X k X RX k

L

R L L

L L

x k x k y k z k

x x y z

 
       

       
   
 

 

    (8) 

where  ( )rtX k  – ECEF coordinates of the plane;  

( )rlX k  – Cartesian coordinates of the plane;  rx  – ECEF 

coordinates of the radar station;  rL , r  – longitude and 
latitude of the radar station. 
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4) Expressions of  ECE coordinates through Earth co-
ordinates: 

 

2 2

2 2 4 2

2 2 4 2

2 2 2 2 2

3

2 1 2

2

2 2

;

( ) / (1 );

( ) / (1 );

1 13.5 ( ) / ( ) ;

1;

( )( ) /12 / 6 /12;

arctg [ / 2 / 4 / 2 / (4 )] / ;

2arc tg[( ) / ],

r x y

a r A e e

b r A e e

q z a b z b

p q q

t z b p p b z

L z t z b t az t r

x y x y



  
   

   


   
   
     
      

   

   (9) 

where (x, y, z) – ECEF coordinates of the plane; (L,   , 
H) – Earth coordinates of the plane; A –  Earth semi-axis. 

Accuracy assessment. To assess accuracy, taking the 
radar and the reference point data of the same time, we 
can obtain the distances between the synchronized ADS-
B and the reference point data, and the distance between 
the synchronized radar and the reference point data.  From 
the results of three flight tests performed, we can obtain 
the data presented in fig. 2. 

The X coordinate is the error packet, and the Y coor-
dinate is the percentage of the message. The ADS-B data 
are shown in blue and radar data – in red. Obviously, the 
ADS-B message volume is greater than that of the radar 
in a limited error packet, and it is less in a larger error 
packet, so we can conclude that the accuracy of the ADS-
B data is higher than that of the radar data [13].  

To present the ADS-B system in a more illustrative 
way, certain researches of Chinese scientists were taken 

as the source of data. Observations were performed at 
Chengdu ground station.  

Accumulation of ADS-B data reports from Chengdu 
ADS-B ground station for flight tests helps to determine 
the NUC distribution. As well, in case of collecting the 
ADS-B reports from Chengdu ADS-B ground station for 
about 40 days, we can determine the NUC distribution 
shown in fig. 3. 

The number of reports received from Chengdu ADS-B 
ground station amounts to 41,776,974. The x-coordinate 
shows the value of NUC, and the y-coordinate – the per-
centage of the message. The red bar indicates a report that 
cannot meet the requirements of the radar service, and the 
green bar indicates a report that meets these requirements 
[14]. Chengdu ADS-B ground station data integrity as-
sessment is presented in fig. 4. Most reports where NUC 
is larger than 4 comply with the requirements of the radar 
service, and most of the messages with NUC being 6  
and 7 are of high quality. 

Conclusion. For Russia, it is especially important to 
apply ADS-B for helicopters of the Ministry of Emer-
gency Situations. This will improve the efficiency of res-
cue operations, awareness of the aircraft operation in re-
mote areas. For example, in Canada and the United States, 
oil companies actively use ADS-B – equipped helicopters 
for flights to offshore oil rigs; the same is quite acceptable 
for Russian distant oil platforms [15]. 

The above-presented method meets most require-
ments. Using Flightradar surveillance system will in-
crease flight safety. When the system employs ADS-B 
transmitters, the coverage area extension becomes incom-
parably cheaper than the cost of deploying radars. As the 
installation of transmitters in helicopters presents no diffi-
culty, the improvement can be made without significant 
engineering changes. 

 
 

 
 

Fig. 2. The results of the accuracy evaluation of the ADS-B data in three flight tests 
 

Рис. 2. Результаты оценки точности данных ADS-B в трех летных испытаниях 
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Fig. 3 Assessment of ADS-B data integrity 
 

Рис. 3. Оценка целостности данных ADS-B 
 
 

 
 

Fig. 4. Assessment of ADS-B data integrity (data of Chengdu ground station) 
 

Рис. 4. Оценка целостности данных ADS-B наземной станции в Чэнду 
 

 
The efficiency of the surveillance system is substanti-

ated by the given comparative analysis. The general part 
is a review of the Flightradar system and the basic ADS-B 
transponder it employs; there is also a review of alternate 
data sources that can be processed by this surveillance 
system. 
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FEATURES AND MODERNIZATION METHODS OF THRUST MEASUREMENT DEVICES  

FOR LIQUID ROCKET ENGINE TEST STANDS 
 

A. M. Begishev*, V. Y. Zhuravlev, А. S. Torgashin 
 

Reshetnev Siberian State University of Science and Technology 
31, Krasnoyarsky Rabochy Av., Krasnoyarsk, 660037, Russian Federation 

*E-mail alex-beg95@mail.ru  
 
During the liquid rocket engines (LRE) testing, direct thrust measurement is carried out using thrust measurement 

devices. The aim of the work was, on the basis of existing data from the theory of tests and test stands devices, to high-
light the design features of the thrust measurement devices and propose an option to improve the performance of this 
stand system. The work considers the basic circuit power schemes of thrust measurement devices by the example of 
power measuring systems of existing fire test stands and the features of work on preparing systems for testing. The types 
of calibration systems worked out in practice, their advantages and disadvantages, which constitute calibration errors, 
are considered. An option is proposed to modernize thrust measurement devices, in particular, through implementing of 
an electromechanical drive based on a planetary roller-screw mechanism as a force setting element into the calibration 
system. A possible general conceptual diagram of the power drive operation as a part of the calibration system of the 
thrust measurement devices is given. The advantages and disadvantages, the predicted effects of implementation are 
considered. 

A more detailed analysis of this proposal may serve as an occasion for the modernization of the specific operational 
thrust measurement devices design at the fire test stand for LREs or may be a working option when designing a new 
thrust measurement device 

 
Keywords: fire test stand, thrust measurement device, calibration system, electromechanical drive. 
 

ОСОБЕННОСТИ И ВОЗМОЖНЫЙ ПУТЬ МОДЕРНИЗАЦИИ СИЛОИЗМЕРИТЕЛЬНЫХ УСТРОЙСТВ 
ИСПЫТАТЕЛЬНЫХ СТЕНДОВ ЖИДКОСТНЫХ РАКЕТНЫХ ДВИГАТЕЛЕЙ 
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В процессе испытания жидкостных ракетных двигателей (ЖРД) прямое измерение тяги осуществляется  

с помощью силоизмерительных устройств (СИУ). Целью работы было на основе существующих данных  
из теории огневых испытаний и устройств испытательных стендов выделить особенности конструкций СИУ 
и предложить вариант по улучшению работы данной стендовой системы. В работе рассмотрены основные 
принципиальные силовые схемы СИУ на примере силоизмерительных систем действующих огневых испыта-
тельных стендов ЖРД, а также рассмотрены особенности работ по подготовке системы силоизмерения  
к испытанию. Рассмотрены типы отработанных в практике градуировочных систем, их достоинства и не-
достатки, составляющие погрешности градуировки. Предложен вариант модернизации СИУ, в частности, 
внедрение в градуировочную систему в качестве силозадающего элемента электромеханического привода на 
базе планетарного ролико-винтового механизма (ПРВМ). Приведена возможная общая концептуальная схема 
работы силового привода в составе градуировочной системы СИУ. Рассмотрены достоинства и недостатки, 
прогнозируемые эффекты внедрения. 

Более детальный анализ данного предложения может послужить поводом для модернизации конструкции 
того или иного конкретного действующего СИУ на огневом стенде испытания ЖРД или же явиться рабочим 
вариантом при проектировании нового СИУ. 

 
Ключевые слова: испытательный стенд ЖРД, силоизмерительное устройство, градуировочная система, 

электромеханический привод.  
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Introduction. The rapid development of rocket and 
space technology entails the emergence of features that 
directly influence the reliability of the product at all 
stages of its life cycle. One of the most important final 
stages of serial or prototype production is the stage of 
rocket and space equipment ground testing. This stage of 
production makes it possible to determine the quantitative 
and (or) qualitative characteristics of a product, to assess 
the correctness of the adopted technical solutions in the 
design and manufacturing process, as well as to identify 
the type and the nature of product destruction in the event 
of an emergency test output. 

The LREs and their units undergo ground testing at 
various stages of production but firing tests (i.e. the proc-
ess of an engine comprehensive simulation) are the final 
and determining type of tests.  The purpose of static firing 
tests is autonomous engine testing and in the case of flight 
firing tests all systems of the aircraft on which the engine 
is installed are checked [1]. 

The cost of the flight and static firing tests varies 
widely hence, flight tests are only the final stage of proto-
type development and the final conclusion on the compli-
ance of this LRE construction with technical specifica-
tions and its suitability for serial production is given 
based on the test results [2]. The stage of firing tests 
represents a large amount of tests that the engine under-
goes during the design and manufacturing process and 
therefore, the stage includes a whole range of questions: 
from the decision to adjust the design of the prototype 
engine during development tests to ensure output quality 
control of serial products. 

Firing tests are carried out at the test complex using 
the specialized firing test stands equipped with the sys-
tems providing: simulation of object test conditions, test 
stands and product objects control, as well as testing re-
sults measurement and recording.  During the test con-
tinuous registration of many physical parameters is car-
ried out and all stand systems must be in well-functioning 
operation for its implementation. Stand systems are re-
quired to guarantee high reliability and measurement ac-
curacy. No less important is the requirement for the tech-
nological effectiveness of stand systems which can in-
clude the quality and complexity of the preparatory work 
carried out before the test, as well as routine maintenance 
included in the scheduled outage. 

Features of LRE thrust measurement. The thrust of 
a liquid rocket engine is one of the most important pa-
rameters to evaluate the engine characteristics. As is well 
known, the thrust of the engine chamber is the resultant of 
hydrogasdynamic forces acting on the inner surfaces of 
the chamber upon expiration of matter and environmental 
pressure forces acting on the chamber outer surfaces, with 
the exception of external aerodynamic drag forces [3]. 
This resulting force causes the movement of the appara-
tus, on which the engine is set. According to the defini-
tion, this kind of thrust force calculation is complicated 
and not quite accurate since it is necessary to know the 
law of pressure change along the entire length of the 
chamber which, especially on the tapering part of the noz-
zle (i.e. from the end of the combustion chamber to the 
critical section) is not always known. Hence, a reliable 
indicator of the engine thrust value can only be deter-

mined by directly measuring the engine thrust on  
a test stand. During the test high demands are made on the 
accuracy of its measurement: the permissible error in 
most cases should not exceed 0.3–0.5 % of the nominal 
value [4]. 

It is worth noticing that the focus of direct thrust 
measurement comes from both the type and class of the 
engine as well as the ability of the stand to create simulat-
ing conditions for the engine to work in the design mode. 
For powerful engine testing the stand design providing  
a vertical arrangement of the engine axis is the most ap-
propriate. But the stand designs including thrust meas-
urement systems for the horizontal location of tested en-
gines are also known. For direct thrust measurement on 
the test stands a special force measurement system is used 
which includes specialized information transition chan-
nels and thrust measurement devices consisting of the 
following structural units: a machine, a calibration system 
and a measuring system (force transducers, displacement 
sensors). 

Basic circuit power schemes of the thrust meas-
urement devices. The design of the thrust measurement 
devices is a combination of the three above mentioned 
components but a fundamental difference is implied by 
the choice of the device circuit power scheme, i. e. a type 
of machine and a calibration system. The machine con-
sists of two main elements: a stationary base and a frame 
to which the tested engine is mounted. Thus, the principle 
of interaction between the thrust measurement devices 
can be represented by the scheme shown in fig. 1. The 
frame which can be moveable or stationary perceives the 
thrust from the tested engine and transfers it to the meas-
uring system and base. Depending on the design machines 
are divided into four groups: machines with elastic bonds 
between the stationary base and the moving frame, rigid 
machines, machines with minimal friction and special 
machines [5]. 

The calibration system with respect to the measuring 
system is intended for its verification and calibration.  
Choosing the type of calibration system as well as the 
hardware version depends on the machine design used  
for the thrust measurement devices. There are several 
calibration systems used at the test stands for powerful 
RLEs: a hydraulic calibration system, a lever-operated 
calibrate system. 

During the LRE tests the scheme of the thrust meas-
urement devices for the machine with elastic bonds be-
tween the stationary base and the moving frame is mostly 
common since this scheme is easily integrated with all the 
main calibration systems. With this scheme the movable 
frame is usually hanged to the frame with strip suspension 
or flexible joints. 

The first example of this circuit power scheme imple-
mentation is the thrust measurement devices of the stand 
№ 1 manufactured by the “Testing and Refueling com-
plex” (JSC Krasmash). The thrust measurement devices 
are a combination of the level-operated calibrate system 
and the double-support machine with elastic bonds be-
tween the frame and the stationary base, the principle 
scheme is shown in fig. 2. According to this system  
design the stationary part is represented by two racks 1, 
mounted on the overlap between the fire compartment 
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(where the tested engine is installed) and the thrust meas-
urement devices compartment where the measuring and 
calibration systems are located. 3-pin-springs 5 are used 
as elastic bonds, while the external petals of the springs 
are connected to the stationary part and the internal ones 
are linked to the movable part of the machine. The feed 
lines are taken and fixed to the stand frame. The product 
is mounted to the transition frame 4. If necessary, the 
movable part of the machine is locked relatively the sta-
tionary one using eighth locking screws 6. Force trans-
ducers 7 are installed on the adjusting inserts 8 between 
the stationary and movable parts of the machine and 
measure the impact force of the moving part. The signal 
generated by the force transducers is transmitted through 
special communication channels to the complex of meas-
uring and computing and information-measuring systems. 
Two force transducers are installed on each machine sup-
port. In this case, each pair of force transducers is of the 
same type and duplicate. 

The lever-operated calibration system consists of up-
per levers 11, 12 and lower levers 9, 10. The lower levers 
of the second kind, with a gear ratio of i ≈ 3.6 are con-
nected to the frame using rods 13 and to short arms of the 
upper levers using tenders 14. The upper levers of the first 
kind with a gear ratio of i ≈ 14, rest upon fixed racks 15. 
Suspensions 16 are fixed on the long arms of the lower 
levers. Calibration loads are manually placed on the sus-
pensions, which affects the complexity of the process. All 
connections of the levers with the other parts of the lever-
operated calibration system are carried out using prisms 
and caps. Such a connection provides a constant gear ratio 
during an operation. 

The accuracy of this calibration system depends on ri-
gidity, accuracy of the operated levers gear ratio as well 
as on the condition of the knife-edge supports surfaces, 
since they have increased wear under vibration loads. 

The second example of a power circuit scheme includ-
ing the machine with elastic bonds between the base and 
the movable frame, but with a hydraulic calibration sys-
tem according to operation [6] are the thrust measurement 
devices of the stand test manufactured by the JSC NPO 

Energomash named after academician V. Glushko. The 
principle scheme is presented in fig. 3. 

According to this thrust measurement system design, 
the fixed part is attached to the power ring 7 and includes: 
frames 4, 5; brackets 11, 12; a spacer 15; a hydraulic 
loader 13. The rest components form a movable part of 
the thrust measurement system. This movable part is con-
nected to the base in transverse directions by means of 
tapes 18 and with the fixed part by means of springs 17. 
The springs have great stiffness in the plane perpendicular 
to the axis of the engine and soft one in the plane parallel 
to the axis of the engine. This permits free motion  
of the non-stationary part relative to the stationary one in 
the direction of the engine axis. During the test the trac-
tion force from the engine is sequentially transmitted 
through frames 1, 2, 3 to the force transducer 16 with the 
spacer 15. The spacer, in turn, presses on the frame 4. The 
frame 4 abuts against the frame clamps 5 and then against 
the power ring 7. 

Calibration is carried out using a special power hy-
draulic loader 13, which lengthening abuts against the 
frame 5 and the force transducer 9. During loading the 
frame 3 is moved using the frame 6 and rods 10. With this 
“internal” loading the force ring 7 is not involved in the 
load perception. 

The essence of creating the exact value of the calibra-
tion force, in this case, comes down to using an additional 
force transducer 9 and according to its testimony load and 
adjustment of the force developed by the hydraulic load-
ing device is carried out. The hydraulic calibration system 
permits creating accurate force with remote control, 
which has a positive effect on the system technological 
effectiveness. 

The group of rigid machines includes devices with a 
fixed frame. These machines are structurally the simplest 
and differ in minimum weight and overall dimension [5]. 
According to this scheme the force transducer is rigidly 
fixed to the supporting structure of the stand and the force 
is transmitted from the engine through a fixed frame i.e. a 
frame without any movable connection between the frame 
and the stationary base. 

 

 
 

Fig. 1. Scheme of a test stand thrust measurement system for LREs 
 

Рис. 1. Схема работы СИУ стенда испытаний ЖРД 
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Fig. 2. Scheme of the thrust measurement system with a lever-operated calibrate system  
and the machine with elastic bonds between a frame and a stationary base: 

1 – rack; 2 – frame; 3 – stand frame; 4 – transition frame; 5 – 3-pin-springs; 6 – locking screw; 7 – force transducer; 
8 – adjusting insert; 9 – lever A1; 10 – lever A2; 11 – lever B1; 12 – lever B2; 13 – rod; 14 – tender; 15 – rack;  

16 – suspension; 17 – screw; 18 – balancing load 
 

Рис. 2. Схема СИУ с РГУ и станком с упругими связями между рамой и станиной: 
1 – стойка; 2 – рама; 3 – рама стендовая; 4 – рама переходная; 5 – пружина Ш-образная; 6 – винт стопорный; 
7 – силоизмеритель; 8 – вкладыш регулировочный; 9 – рычаг А1; 10 – рычаг А2; 11 – рычаг Б1; 12 – рычаг 

Б2; 13 – тяга; 14 – тендер; 15 – стойка; 16 – подвеска; 17 – винт; 18 – груз балансировочный 
 
 
In this case, the thrust measurement devices may not 

have a calibration system provided that the dismantled 
force transducer is periodically calibrated in the measur-
ing laboratory and then installed at the workplace. The 
scheme is common for testing the small thrust LREs. The 
practical example of this thrust measurement system 
scheme is a test stand for the LREs with a thrust of up  
to 20 kN manufactured on the basis of the Aeronautics 
Institute of Technology in São José dos Campos,  
Brazil [7]. 

The group of machines with minimal friction includes 
machines in which the frame is moved with minimal fric-
tion, these are various kinds of rocking chairs, lunettes, 
trolleys. Currently, such machines are practically not used 
for the LRE testing. Whereas, when testing solid fuel 
rocket engines (SFRE) slipway equipment is widely used 

to orient and mount the SFRE on a test stand in horizontal 
position [8]. Examples of this scheme practical applica-
tion are sources [8; 9]. 

The fourth group of machines includes special devices 
that provide the ability to measure the LRE thrust whose 
structural features do not permit to test them on the  
above mentioned machines. For example, engines with 
nozzles located at an angle to the axis of the combustion 
chamber [5]. 

Revisiting the calibration of the trust measurement 
devices. Calibration is a technological operation which 
consists in obtaining a relationship between the values of 
the input measured parameter (in this case, the engine 
thrust force) and output informative parameter (depends 
on the type of sensor used). The calibration error, in turn, 
is the sum of systematic error of the means for setting the 
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force, the random component of the error during calibra-
tion and the error of the recording device [10]. The sys-
tematic component of the basic error depends on the type 
and specific design of the calibration system. The random 
component of the error during calibration depends on the 
following factors: instability of external indicators of the 
calibration process (indoor air temperature, the tempera-

ture of the thrust measurement devices), random colli-
sions and vibration during calibration that cannot be 
eliminated, changes in the position of the force-setting 
elements. 

Considering the main calibration systems and firing test 
stands used in the LRE thrust measurement system some of 
the features presented in table may be highlighted. 

 
 

 
 
 

Fig. 3. Scheme of the thrust measurement system with a hydraulic calibration system and the machine with elastic  
bonds between the frame and the stationary base: 

1–6 – power-absorbing frames; 7 – power ring; 8 – a triangle; 9 – force transducer; 10 – calibration bar; 11, 12 – bracket;  
13 – hydraulic loader; 14 – movable bar; 15 – a spacer; 16 – force transducer; 17 – spring; 18 – tape (7 pieces) 

 
Рис. 3. Схема СИУ с гидравлической градуировочной системой и станком с упругими связями между рамой и станиной: 

1–6 – силовоспринимающие рамы; 7 – силовое кольцо; 8 – треугольник; 9 – силоизмеритель; 10 – градуировочная штанга;  
11, 12 – кронштейн; 13 – гидронагружатель; 14 – подвижная штанга; 15 – проставка; 16 – силоизмеритель;  

17 – пружина; 18 – лента (7 штук) 
 
 
 

Comparison table of calibration systems 
 

Feature Lever-operated calibration system Hydraulic calibration system 

Calibration error Depends on the accuracy and value of the levers 
gear ratio embedded in the design of a particular 
device (the accuracy of gear ratios can reach 
0.01%), the accuracy of mounting prismatic sup-
ports, the accuracy of special loads 

Depends on the measurement error of the refer-
ence force transducers (reaches about 0.1%), the 
accuracy of the force-setting equipment 

Additional components Special loads Pumps, tanks, filters, valves, chokes, radiators etc. 

Maintenance required Periodic inspection and prophylactic replacement 
of prisms and caps, verification of the lever gear 
ratio, verification of the basic error when measur-
ing force by repeated calibration 

Checking and changing the oil, checking for 
leaks, replacing filters, servicing additional 
equipment, checking the basic error when measur-
ing force by repeated calibration 

Correction of the cali-
bration step force 
value 

Correction is not possible, the value of the calibra-
tion step is determined by the nominal mass of 
special loads 

An additional reference force transducer is used 
and according to its testimony the load is made 
and the force is corrected 

Remote effort creation Unavailable when using loads Available 

Labor intensity High Low 
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To ensure more accurate thrust measurement readings 
the thrust measurement system calibration is carried out 
on the day of assigned test after the technological installa-
tion of the engine and connection of fuel lines and meas-
uring pipelines, drain and purge lines, control and meas-
urement systems cable trunks and all auxiliary fastening 
elements affecting the weight of the tested LRE.  During 
the calibration process it is forbidden for workers to be in 
the stand or to perform work that may, in any way, affect 
the product. 

A proposal for the thrust measurement systems 
modernization. The error of direct power LRE thrust 
measurement during the test consists of the measuring 
system (measuring components) error, calibration error, 
accuracy and completeness of various metrological char-
acteristics when testing. These include several interfer-
ence corrections: changes during the engine mass testing; 
changes in mass and temperature of the components; 
mismatch of the exemplary and measured effort points, 
the Bourdon effect and other phenomena affecting a par-
ticular thrust measurement system during the testing 
process [1]. With the development of computing technol-
ogy one of the steps to modernize test systems was the 
implementation of new measurement and control systems 
on modern element bases to replace obsolete and worn-
out ones [11].  

As a result of this lever and hydraulic calibration sys-
tems may be replaced for electric ones as a form of the 
thrust measurement system design modernization. It is 
proposed to use a special electromechanical drive based 
on a planetary roller-screw mechanism as a power drive 
to create the calibration force.  

The electromagnetic drive is an electric cylinder with 
the mechanism that converts electrical energy into me-
chanical. The planetary roller-screw mechanism is used at 
law feed speeds and high forces.  In this mechanism the 
load from the lead screw is transferred to the nut through 
the rounded sides of the rollers (force transmission 
through the satellite rollers). The disassembled planetary 
roller-screw mechanism is shown in fig. 4. 

 

 
 

Fig. 4. Disassembled planetary roller-screw mechanism [12] 
 

Рис. 4. ПРВМ в разобранном виде [12] 
 
Consider principles of its operation. In contrast with 

the planetary gear drive in which satellite axis move in a 
plane normal to the axis of central wheel rotation, in the 
mechanism under consideration threaded rollers as satel-
lites execute three motions. The rollers rotate around their 
axes; rotate around the axis of the screw together with the 
separators; rolling around the thread of the nut rollers 
move along the axis of the nut together with the screw 
[13]. The advantages as the basis for considering the im-

plementation of this drive are the ability of the mecha-
nism to work at high loads as well as the design simplicity 
and reliability which entails the simplification of the cali-
bration device kinematic scheme. The electromechanical 
drive also allows remote control but unlike hydraulic sys-
tems it has a higher system response to the slightest 
changes and does not require the operation of additional 
equipment (as it is with hydraulic systems), only power 
and signal cables and a control unit are required for the 
electric cylinders operation.  Electric cylinders are capa-
ble of operating at speeds of up to 1.5 m/s with forces of 
up to 400 kN, they have a stroke of up to 1.2 m with posi-
tioning accuracy of approximately 1 µm [14]. The use of 
electric cylinders as a force setting drive in the thrust 
measurement system is proposed to be carried out as it is 
shown in fig. 5. 

Consider the case, when the maximum axial force cre-
ated by the electromechanical drive is sufficient to cali-
brate the thrust measurement system. Depending on this 
system design the place of force application for measure-
ment system calibration is determined. In the case of rigid 
machines or machines with elastic bonds between the 
frame and the stationary base the transmission of force set 
by the drive through the frame is meant. The system must 
include loading and control subsystems for functioning. 
Electric cylinders themselves are directly included in the 
loading subsystem and their number depends on the num-
ber of measurement branches and fixed supports of the 
thrust measurement machine. The control subsystem 
should include frequency and secondary converters, a 
strain gauge force transducer working on compression, 
power cables. To ensure operation the control subsystem 
should be integrated with the common stand control sys-
tem. The value of the force created by the electric cylin-
der is entered in the PC software. And all the information 
about the amount of efforts is transmitted to the frequency 
converter through a processor module. The electric con-
verter, in its turn, generates a supply voltage for the elec-
tric cylinder connected to it. The strain gauge force trans-
ducer is installed between the cylinder rod and the place 
of force application. Deformation of an elastic element 
causes imbalance of the strain gauge bridge. An electric 
unbalanced signal arrives at the secondary measurement 
converter for analog-to-digital conversion, and measured 
data processing and display [15]. Data on the actual force 
magnitude on the cylinder rod can ensure high accuracy 
of loading. The main error varies within errors of the  
primary and secondary transducers which can reach  
about 0.1 % in the case of using a strain gauge transducer. 
In the case when thrust measurement devices include 
stands for testing powerful ERLs which thrust reaches 
1000 kN or more and when the electric cylinder maxi-
mum force is insufficient for calibration program a com-
bination of the electromechanical drive and the lever-
operated calibration system is proposed. The load from 
the electric cylinder is applied to a lever through which 
the increasing force is transmitted to the moving frame of 
the thrust measurement system.  

As in the previous version, the work is carried out 
with electric voltage that is why this solution makes it 
possible to implement a stepless calibration method since 
the tasks of programming and force control are greatly 
simplified. 
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Fig. 5. Scheme of a calibration system based on an electromechanical drive 
 

Рис. 5. Схема градуировочной системы на базе электромеханического привода 
 
 

At the same time the remote control condition is ful-
filled and this reduces the work complexity compared to 
standard calibration including the lever-operated calibra-
tion system. This scheme has inherent disadvantages of 
the lever calibration system in combination with advan-
tages of the electric drive. 

Electric cylinders have high efficiency (about 85 %) 
and the current consumption changes in proportion to the 
developed load. If it is necessary to minimize energy con-
sumption the electric cylinders design permits graduated 
calibration since the electromagnetic brake is capable of 
holding the predetermined force. Whereas, the testing 
stand compartments have a category of increased fire haz-
ard it is necessary to provide for explosion proof execu-
tion of operating elements to keep safe the electrome-
chanical drive system. 

Conclusion. Based on the theory of thrust measure-
ment system design and practical use of thrust measure-
ment devices on the LRE testing stands features, advan-
tages and disadvantages of various principle thrust meas-
urement system schemes were evaluated. A proposal  
is made for thrust measurement system modernization 
by implementating a calibration system based on the elec-
tromechanical drive. The general concept to use an elec-
tric cylinder as a calibration system loading device is  
presented. Disadvantages and prospects of implementing 
this drive into the calibration system of LRE firing test 
stands are estimated. 
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ELABORATION AND TESTING OF THE ALGORITHM WHICH ENSURES AN ACHIEVEMENT  

OF MINIMAL DEVIATION ANGLE OF FLYING MODEL’S MAIN CENTROIDAL AXIS OF INERTIA  
DURING HER COUNTERBALANCING IN A SOLE CORRECTION FLATNESS 
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High complexity and cost of developing flying models necessitate the use of such design and production techniques 
that would ensure the best flight technical and technological characteristics of the model also would raise of it opera-
tion effectiveness. These techniques include the experimental control method of flying model’s mass-inertia asymmetry 
parameters during final assembly of the model. Solution of the problem of optimization the process of bringing parame-
ters of mass-inertia asymmetry of the conical flying model to specified standards is considered in the article. The only 
correction plane is designed to be positioned close to cone face, away from the center mass of the flying model. The 
flying model as a component of prefabricated rotor is being balanced in dynamic mode on a low-frequency dynamic 
vertical stand, which based on gas bearings. Before balancing experiment the weigh, longitudinal center of mass and 
inertia moments of the flying model have to be controlled with use of another measurement equipment.  As a criterion of 
optimization is sorted the reaching of minimum of the angle of deviation of principal longitudinal centroidal axis of 
inertia from geometrical axis of the flying model. But simultaneously the pre-set standard of center-mass shift from the 
geometrical axis must be ensured. Balancing algorithm, easy-to-realized by modern computers, is presented. Numerical 
illustration of balancing is given. The algorithm enables omitting intermediate steps of balancing, reducing them to one 
step (as a rule), and shortening the balancing time, as well. In one step of balancing the engineering model permits 
either bringing parameters of mass-inertia asymmetry of the flying model to specified standards, or diagnosing impos-
sibility of attaining the specified standards with available design of flying model. The algorithm and balancing method 
are experimentally tested at newly-designed vertical dynamic stand on conical gas bearings. It’s high precision and 
efficiency are corroborated. 

 
Key words: mass-inertia asymmetry, balancing stand, axis of symmetry, axis of inertia, moment of inertia, correc-

tion plane, misbalance, algorithm. 
 
РАЗРАБОТКА И ТЕСТИРОВАНИЕ АЛГОРИТМА ОБЕСПЕЧЕНИЯ МИНИМАЛЬНОГО УГЛА  
ОТКЛОНЕНИЯ ГЛАВНОЙ ЦЕНТРАЛЬНОЙ ОСИ ИНЕРЦИИ В ПРОЦЕССЕ БАЛАНСИРОВКИ  

ЛЕТАЮЩЕЙ МОДЕЛИ В ОДНОЙ ПЛОСКОСТИ КОРРЕКЦИИ 
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Высокая стоимость, сложность разработки летающих моделей обуславливают необходимость примене-

ния методов проектирования и изготовления, которые позволили бы обеспечить наилучшие летно-
технические и технологические характеристики модели и максимально повысить эффективность ее эксплуа-
тации. К числу таких методов относится экспериментальный контроль параметров массо-инерционной 
асимметрии на заключительном этапе общей сборки летающей модели. В статье рассмотрено решение зада-
чи оптимизации процесса приведения параметров массо-инерционной асимметрии летающей модели кониче-
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ской формы к заданным нормативам. Единственная плоскость коррекции конструктивно расположена вблизи 
торца конуса, на значительном расстоянии от центра масс летающей модели. Балансировка летающей моде-
ли проводится в динамическом режиме в составе сборного ротора на низкочастотном динамическом верти-
кальном балансировочном стенде с газовыми опорами. Перед балансировкой масса, продольное положение 
центра масс и моменты инерции летающей модели должны быть определены экспериментально с использо-
ванием другого измерительного оборудования. В качестве критерия оптимизации принято достижение мини-
мального угла отклонения продольной главной центральной оси инерции относительно геометрической оси 
летающей модели при одновременном обеспечении заданного норматива по величине смещения центра масс с 
той же геометрической оси. В работе представлен алгоритм балансировки, легко реализуемый на современ-
ных компьютерах. Приведён числовой пример балансировки. Алгоритм позволяет исключить промежуточные 
шаги балансировки, сократив число шагов балансировки, как правило, до одного шага, а также сократив время 
проведения балансировочного эксперимента. За один шаг балансировки алгоритм позволяет либо привести 
параметры массо-инерционной асимметрии летающей модели к заданным нормативам, либо диагностиро-
вать невозможность для конкретной конструкции летающей модели обеспечить достижение заданных нор-
мативов. 

 
Ключевые слова: массо-инерционная асимметрия, балансировочный стенд, ось симметрии, ось инерции, 

момент инерции, центр масс, плоскость коррекции, дисбаланс, алгоритм. 
 
Introduction. This article continues the work [1; 2], 

in which the problem of balancing in the dynamic mode 
with the minimum displacement of the center of mass 
from the geometric axis stabilized by rotation of the coni-
cal flying model (LM), the cone of which is characterized 
by a small half-angle of the solution, was considered. 
Balancing is performed at the final stage of the general 
assembly of the model. In accordance with the algorithm 
given in [1], the model is balanced as a part of a prefabri-
cated rotor, on a low-frequency dynamic balancing stand 
with gas supports and a vertical axis of rotation [3; 4]. 
The balancing process involves the determination and 
subsequent reduction of the parameters of mass-inertial 
asymmetry of the model, which include the value of the 
transverse displacement of the center of mass from the 
geometric axis and the angle of deviation of the longitu-
dinal main central axis of inertia (SCOI) relative to the 
same axis [5; 6], to the values not exceeding the maxi-
mum permissible values specified in the operational 
documentation for the model. The presence of a single 
correction plane does not allow to fully combine the lon-
gitudinal GCI with the geometric axis of the LM, which is 
usually chosen as the construction axis. A balancing op-
tion with optimization according to the criterion of 
achieving the minimum center of mass displacement for a 
particular LM design is usually chosen, given the signifi-
cant effect of this parameter on the flight performance of 
the model [7]. 

Bringing the parameters to specified standards is car-
ried out by adjusting the mass of the model. For these 
reasons a balancing weight is attached to the standard 
plane of the model correction, which is located, as a rule, 
at the end (or near the end) of the conical FM at a consid-
erable distance from its center of mass. In this case, the 
mass and angular position of the balancing weight is cal-
culated according to the results of measuring the imbal-
ance vectors acting in two – in the upper (standard) and 
lower (hereinafter referred to as B and H, respectively) 
correction planes of the combined rotor, which includes a 
controlled model [8; 9]. As the lower correction plane, the 
lower end of the specialized technological adapter is used, 
inside of which the FM is vertically installed with droop 
in nose. Measuring the amplitudes and phases of the vi-

bration of the upper and lower supports, proportional to 
the values and angles of the imbalance vectors are carried 
out during spool down of the assembled rotor at a con-
stant operating speed [10; 11]. Firstly, the methodology 
involves bringing the controlled FM to a state of qua-
sistatic imbalance, and then modeling the state of momen-
tary imbalance (excluding the transverse displacement of 
the center of mass) with the calculation of the assumed 
skew angle of the longitudinal MCAI relating to geometry 
axis X of the model. If this angle does not exceed the ad-
missible limit value, then the parameters of the balancing 
weight are calculated and the mass of the FM is adjusted. 
And if it exceeds, then the estimated (at the same time as 
the minimum possible for this version of the model lay-
out) transverse displacement of the center of mass is cal-
culated, setting the value of the skew angle of the longitu-
dinal center for equal to the admissible limit value. If at 
the same time, the estimated skew angle of the longitudi-
nal MCAI does not exceed the specified admissible limit 
value, then the parameters of the balancing weight are 
calculated and the mass of the FM is adjusted. Otherwise, 
the balancing is stopped, and the FM is sent to the manu-
facturer for re-arrangement. The method is protected by 
patent of the Russian Federation under No. 2499985 [12]. 

However, there are flying models including that have 
a conical shape of the hull. To ensure dynamic stability 
and the operating efficiency it is more preferable to 
minimize the skew of the longitudinal MCAI relating to 
the geometric axis (while fulfilling the specified standard 
for the magnitude of the transverse displacement of the 
center of mass). This article proposes to consider a modi-
fication of the FM balancing algorithm [7; 12], which is 
aimed at solving the balancing problem by reducing the 
mass inertial asymmetry parameters to values not exceed-
ing the specified admissible limit values of these parame-
ters, but using the optimization according to the criterion 
of achieving the minimum possible for a controllable de-
sign of longitudinal MCAI in relation to the geometric 
axis of the model. A variant of the problem is considered 
when there is a priori information about the mass, the 
longitudinal position of the center of mass relating to both 
correction planes and the moments of inertia of the con-
trolled model obtained using other equipment and meas-
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uring instruments [8; 13; 14], as well as the balancing 
coefficients of the measuring system obtained when set-
ting up the stand for the control object using test weights 
[15; 16]. 

Balancing algorithm. The proposed algorithm as-
sumes that two initial starts of the assembled rotor are 
made with the FM rotated 180 degrees around the  
geometric axis inside the process adapter. Based on the 
results of measuring the vibrations of the supports, the 

parameters of initial imbalances NACH
ВD


 and NACH
НD


 (act-

ing in the correction planes) are calculated, as well as the 
initial parameters of the radius-vector 


 of the transverse 

displacement of the center of mass and the vector-angle of 
the longitudinal MCAI of the model X


 relative to its 

geometric axis by formulas are also calculated [15] 
NACH NACH

NACH В НD D

M


 

 


;                     (1) 

 21
arcsin

2

NACH NACH
В B Н HNACH

X

D x D x

I


 



 


,     (2) 

where M  – model mass, e aI I I    – difference be-

tween equatorial eI  and axial aI  moments of model iner-

tia, Bx  и Hx  – the distance from the center of the model 

mass to the upper and lower correction plane, respec-
tively. Then a balancing calculation is performed if the 
initial value of at least one of the parameters characteriz-
ing the asymmetry in the initial mass distribution of the 
FM exceeds the corresponding maximum permissible 
value dop  or Xdop , specified in the operational docu-

mentation for the model. In the process of calculation, the 
effect of imbalances in the correction planes modeling the 
intermediate states of the unbalanced FM is simulated. 
The results of the calculation are: either the determination 
of the mass and angle of installation of the balancing 
weight (its attachment to the standard plane allows to cor-
rect the mass of the FM, ensuring that the values of the 
monitored parameters are adjusted to the specified stan-
dards with optimization according to the criterion of 
reaching the minimum possible angle of skew of the lon-
gitudinal MCAI relative to the geometric axis of the 
model), or evidence for being unable to provide simulta-
neously two controlled parameters of mass-inertial 
asymmetry for the given model layout according to the 
given standards [7]. 

At the first step of the algorithm of balancing calcula-
tion, it is assumed that the FM is put into a mode of quasi-
static imbalance, that is when its geometric axis and lon-
gitudinal MCAI intersect, but not in the center of mass. 
This allows for further calculations to operate exclusively 
with collinear imbalance vectors acting in opposite cor-
rection planes. In order to put the FM into a quasi-static 
imbalance mode, the effect of the initial imbalance in the 
upper (regular) correction plane should be eliminated, 
specifying in it, as was shown in [2], compensating for an 

imbalance COMP
ВD


 equal in value, but opposite in the di-

rection of the initial imbalance NACH
ВD


. In this case, in the 

lower plane of the correction according to figure an addi-

tional imbalance will be formed, which is directed oppo-

site to the imbalance KOMP
ВD


 value of which is deter-

mined by the following formula 
1DPL COMP

Н В НВD D К  ,                       (3) 

where НВК  – influence coefficient of the upper plane of 
correction on the lower plane of correction in case of im-
balance in the upper plane of correction, determined  
experimentally during the pre-adjustment of the stand 

[15–17]. Shift of balance 1DPL
НD


, in turn, create imbal-

ances COMP
НD


 of equal geometrical sum of imbalances 
1DPL

НD


и NACH
НD


, instead of imbalance NACH
НD


 in the 
lower correction plane according to the following formulas 

 

2 21 1

1

2

cos

NACH DPL NACH DPL
Н Н Н НCOMP

Н NACH DPL
Н Н

D D D D
D

  


  
;   (4) 

1

1

sin sin
arctg

cos cos

NACH DPL
COMP Н Н
Н NACH DPL

Н Н

  
 

  
,           (5) 

where NACH
Н  and NACH

Н  – phase angles of imbalances 
NACH
НD


 и 1DPL
НD


 respectively. In this case, since there 
will be no imbalance in the upper correction plane, the 
longitudinal MCAI will intersect with the geometric axis, 
and the transverse displacement of the center of mass of 
the FM will be characterized by the following value 

COMP
COMP НD

M
  .                         (6) 

At the second step, the transfer of the FM to the re-
gime of static unbalance should be simulated, that is when 
the longitudinal MCAI is parallel to the geometric axis 
and there is no skew between these axes. To do this, the 

corrective imbalance KORR
ВD


 must be set in the standard 
correction plane, in accordance with fig., codirectional 
imbalance and defined by the following formula 

1

COMP
CORR Н
В

НВ

D
D

К



.                           (7) 

In this case, an additional imbalance will be formed in 

the lower plane of correction 2DPL
НD


, opposed to imbal-

ance CORR
ВD


 and defined by the following formula 

2DPL CORR
Н В НВD D К .                         (8) 

This, in turn, will lead to the formation of an imbal-

ance correction in the lower plane CORR
НD


 (instead of im-

balance COMP
НD


) of equal sum of the opposing imbalances 
COMP
НD


 and CORR
НD


. Amount of unbalance CORR
НD  will 

be determined by the following formula 
2CORR COMP DPL

H Н НD D D  .                   (9) 

Equality of equipolence imbalances CORR
ВD


 and 
CORR
НD


 provides the elimination of the skew of the longi-
tudinal MCAI with respect to the geometric axis and the 
transfer of the FM to the mode of static imbalance.  
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Diagram of counterbalancing calculation 
 

Диаграмма балансировочного расчёта 
 

 
In this case, the estimated value of the residual trans-

verse displacement of the center of mass from the geo-
metric axis of the FM, which will appear as a result  
of eliminating the transverse displacement of the center  
of mass, can be calculated by the following formula 

2 CORR
CORR ВD

М
  ,                           (10) 

If the condition CORR
dop    is met, the value BAL

ВD  

is defined and the angle position BAL
В  balancing imbal-

ance vectors BAL
ВD


, using the corresponding parameters 

of the unbalance vectors simulated in the regular correc-

tion plane B CORR
ВD


 и CORR
НD


. 

Balancing vector parameters BAL
ВD


 can be calculated 

using the following formulas in accordance with the fig-

ure representing the geometric sum of imbalances COMP
ВD


 

and CORR
ВD


 

 

2 2
2

cos

COMP CORR COMP CORR
В В В ВBAL

В COMP CORR
В В

D D D D
D

  


  
;     (11) 

sin sin
arctg

cos cos

COMP CORR
BAL В В
В COMP CORR

В В

  
 

  
.            (12) 

where COMP
В  and CORR

В  – unbalance phase angles 
COMP
ВD


 and CORR
ВD


 respectively. Then for the case 

0OST
X  , OST CORR

dop      the mass of the balancing 

weight is calculated according to the formula 

BAL
BAL В

B

D
m

r
 ,                                (13) 

herewith the installation angle of the balancing weight on 

the upper (standard) correction plane BAL  will match the 

phase angle BAL
В  of imbalance BAL

ВD


. 

Hereafter the FM mass is adjusted by attaching the 
balancing weight to the balancing plane B, thereby ensur-
ing that both parameters of the mass-inertial asymmetry 
are brought to values not exceeding the maximum permis-
sible values. In this case the skew of the longitudinal 
MCAI relative to the geometric axis is eliminated. How-

ever, in case the value KORR  exceeds the maximum per-

missible value dop , it is necessary to calculate the esti-

mated minimum possible deviation angle of the longitu-
dinal MCAI relative to the geometric axis minX , which 

can be achieved by changing the imbalance in the correc-
tion plane B while reducing the transverse displacement 
of the center of mass of the FM to the admissible limit 
value dop  according to the formula 

 
 

min
1

sin 2
2

1
.

X

COMP
dop Н COMP

В НВ Н Н Н
НВ

arc

М D
х К х D х

К

I

  

  
  
 

   
 
 

  (14) 

In case the reported value minX  will exceed the 

specified admissible limit value, the balancing experiment 
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is terminated, and the FM will be rejected and sent to the 
manufacturer for rebuilding due to the calculation that 
there is no possibility of simultaneously bringing the 
magnitude of the displacement of the center of mass and 
the angle of deviation of the longitudinal MCAI relating 
to geometric axis to values not exceeding the specified 
maximum admissible limit value. Otherwise, if the ine-
quation minX Xdop    is correct, the value of the imbal-

ance vector 
min| X

CORR
ВD 


, ensuring the achievement of the 

minimum value minX  when setting the displacement of 

the center of mass equal to dop  is determined by the 

formula 

min| 1X

COMP
dop НCORR

В
НВ

М D
D

К

 



,              (15) 

at the same time, a positive calculation result will mean 

that the directions of these imbalances 
min| X

CORR
ВD 


 and 

CORR
BD


 coincide, while a negative result, on the other 

hand, indicates that their directions are opposite. Due to 
the mutual influence of the correction planes, an imbal-

ance 
min| X

CORR
НD 


 will appear in the correction plane Н, 

which is co-directed to the imbalance COMP
НD


, the value 

of which is determined by the formula 

min

3
| X

CORR COMP DPL
Н Н НD D D  
  

,                   (16) 

where 3DPL
НD  – is a value of additional imbalance 3ДPL

НD


 

(not shown in fig. 1), appearing in the correction plane H 

as a result of the effect of an imbalance 
min| X

CORR
ВD 


 in the 

correction plane B and oppositely directed imbalance 

min| X

CORR
ВD 


. 3DPL

НD is determined by the formula 

min

3
| X

DPL CORR
Н В НВD D К .                 (17) 

Hereafter, the value 
min| X

BAL
ВD   and the angular position 

min| X

BAL
В   of the vector of balancing imbalance 

min| X

BAL
ВD 


 

are determined using the appropriate parameters  

of the imbalance vectors 
min| X

CORR
ВD 


 and COMP

ВD


 modeled 

in the balancing plane of correction B. After that,  

the mass of the balancing weight 
minX

BALm  is determined, 

the which setting is carried out in the angular position 
corresponding to the angular position of the imbalance 

min| X

BAL
ВD 


.  

To determine the value of the balancing imbalance, 
mass and setting angle of the balancing load, the follow-
ing formulas are used: 

 

2 2

min min

min

min

| |
|

|

2
,

cos

X X

X

X

COMP CORR COMP CORR
В В В ВBAL

В COMP CОРР
В В

D D D D
D

 




  


  
 (18) 

where 
min| X

CORR
В   – unbalance angular position 

min| X

CORR
ВD 


; 

min

min

min

|
|

|

sin sin
arctg

cos cos
X

X

X

COMP CORR
В ВBAL

В COMP CORR
В В






  
 

  
;        (19) 

min|
|

X

Xmin

BAL
ВBAL

В
B

D
m

r


  .                           (20) 

After that, the mass of the FM is adjusted by attaching 
the balancing weight to the balancing plane B, ensuring 
that the setting angles of the balancing weight and the 
vector of the balancing unbalance coincide, and confi-
dence firing of the assembled rotor is performed to con-
firm the correctness of the calculation. Based on the re-
sults of the confidence firing, the parameters of residual 

imbalances OST
ВD


 and OST
НD


 operating in the correspond-

ing correction planes after setting the balancing weight 
are determined, and the residual mass and inertial asym-
metry parameters are calculated according to a formula 
(neglecting the mass of the balancing weight, as it is ob-
viously practically insignificant compared to the mass of 
the controlled FM): 

OST OST
OST В НD D

M


 

 


;                      (21) 

 21
arcsin

2

OST OST
В B Н HOST

X

D x D x

I


 



 


.             (22) 

The performance of the considered algorithm can be 
estimated using a specific numerical example. 

Example of calculating the balance weight. The 
balancing of the FM will be calculated with the following 
values of the task parameters: 

– model mass М = 100000 g; 
– distance from the center of mass of the FM to the 

upper correction plane Bx  = 570 mm; 

– radius of the upper correction plane Br  = 200 mm; 

– distance from the center of mass to the lower plane 
of correction Hx  = 800 mm; 

– difference between the equatorial and axial moments 
of inertia ΔI = 8,5·109 g·mm2; 

– admissible limit value of the transverse 
displacement of the center of mass dop  = 0,1 mm; 

– admissible limit value of cramp angle of MCAI 

Xdop  = 10' ≈ 0,166667°; 

– influence coefficient of the upper correction plane 
on the lower correction plane in case of imbalance in the 
upper correction plane КНВ = 0,3; 

– initial imbalance in the upper correction plane 
NACH
ВD  = 25000 g·mm, phase angle NACH

В  = 80°; 

– initial imbalance in the lower correction plane 
NACH
НD  = 10000 g·mm, phase angle NACH

Н  = 115°, 

– whence the initial values of the asymmetry 
parameters of the masses of the FM in accordance with 
(1) и (2): 

NACH  = 0,34 mm; 
NACH
X


 = 3,62'.' 

Since it was found that the initial values of the 
parameters of mass-inertial asymmetry exceed the 
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specified admissible limit value, we carry out a balancing 
calculation to achieve the conditions 

min ;

.

OST
X X Xdop

OST
dop

    

  
                      (23) 

We transfer the FM to the state of quasistatic 

imbalance, for which we introduce an imbalance COMP
ВD


 

with parameters COMP
ВD  = 25000 g·mm, phase angle 

COMP
В  = 260 °, compensating for the effect of the initial 

imbalance NACH
ВD


 in the upper correction plane. An 

additional imbalance 1DPL
HD


 will appear in the lower 
correction plane, the value of which in accordance  

with (3) will be 1DPL
HD  = 7500 g·mm, and the phase angle 

1DPL
H  = 80 °. The imbalance 1DPL

HD


 in total with the 

imbalance NACH
HD


 in accordance with (4) and (5) will 

form an imbalance COMP
HD


 in the lower correction plane 

with the parameters: COMP
HD  = 16707 g·mm, phase angle 

COMP
H  = 97.5°. Whence transverse displacement of the 

center of mass of the FM, in accordance with formula (6), 

total COMP  = 0.167 mm, which exceeds the specified 
value despite the presence of a skew of the longitudinal 
MCAI. 

Using (7) we calculate the parameters of the corrective 

imbalance CORR
ВD


, the action of which in the upper plane 
of the correction will eliminate the misalignment of the 
longitudinal MCAI relating to the geometric axis of the 

controlled flying model: CORR
ВD  = 12851.5 g·mm, phase 

angle CORR
В  = 97.5 °. In this case, in accordance with (8) 

a new additional imbalance vector 2DPL
HD


 will be formed 
in the lower correction plane due to the interaction  

of the correction planes with the parameters: 2DPL
HD  =  

= 3855.5 g·mm, phase angle 2DPL
H  = 277.5 °. This, in 

turn, in accordance with (9) will cause an imbalance 
CORR
HD


 in the lower plane of correction with  

the parameters: CORR
HD = 12851.5 g·mm, phase angle 

CORR
H  = 97.5 °. 

To fulfill the condition CORR
X  = 0, arising from the 

equality of the values of the co-directed imbalance vectors 
CORR
BD


 и CORR
HD


, the estimated transverse displacement 
of the center of mass from the geometric axis of the FM in 

accordance with expression (10) will be CORR  = 0,257 mm, 

which exceeds the specified admissible limit value dop . 

Using formula (14), we calculate the minimum skew 
angle of the longitudinal MCAI minX , not exceeding the 

value ГЛдоп  wherein it is possible to provide a value of 
the transverse displacement of the center of mass for this 
FM design equal to dop . As a result of the calculation, 

we shall obtain: minX  = –8.5', i. e. inequality 

minX Xdop    will be correct. In this case, the minus 

sign indicates the inclination of the longitudinal MCAI 
with its upper end towards the geometric axis of the FM. 

We shall define the value of the imbalance vector 

min| X

CORR
ВD 


 in the plane of correction В, ensuring the 

achievement of the value minX , according to the for-

mula (15). We shall obtain: 
min| X

CORR
ВD   = 9581,4 g·mm, 

phase angle 
min| X

KORR
В   = 277,5°. The value of imbalance 

min| X

KORR
НD 


 which is co-directional to imbalance KOMP

НD


 

we shall define according to the formula (16): 
min| X

CORR
НD   =  

= 19581,4 g·mm, phase angle 
min| X

CORR
Н  = 97,5°. Moreover, 

the value of the additional imbalance 3DPL
НD


, oppositely 

directed to the imbalance 
min| X

CORR
ВD 


, will be defined as 

following (17): 3DPL
НD  = 2874,4 g·mm, phase angle 

3DPL
Н  = 97,5°. 

Using the corresponding parameters of the simulated 

imbalance vectors 
min| X

CORR
ВD 


 and COMP

ВD


, we shall deter-

mine the value and the angular position of the vector of 

the balancing imbalance 
min| X

BAL
ВD 


 in the regular correc-

tion plane using formulas (18) and (19): 
min| X

BAL
ВD   =  

= 34259.3 g·mm, phase angle 
min| X

BAL
В   = 268.75 °. 

In accordance with (20) the mass of the balancing 

weight will be 
min| X

BAL
Вm   = 171.3 g, and its setting angle 

min| X

BAL
В   in the correction plane B will coincide with the 

angle 
min| X

BAL
В  , i. e. will be equal to 268.75 °. 

To assess the correct operation of the considered algo-
rithm, we shall make sure that the estimated value of the 

displacement of the center of mass 
min| X

CALC
  will be a value 

close to dop  after attaching the weights to the FM.  

Imbalance value 
min| X

BAL
НD 


 (not shown on figure), op-

positely directed to imbalance 
min| X

BAL
В  , appearing in 

place of imbalances 1DPL
НD  and 3DPL

НD  in the plane of 

correction Н as a result of the imbalance 
min| X

BAL
ВD  , can be 

determined by the formula 

min min| |X X

BAL BAL
Н В НВD D К  .                (24) 

Thus: 
min| X

BAL
НD  = 10498,8 g·mm, phase angle 

min| X

BAL
Н   = 88,75°. The calculated value of the displace-

ment of the center of mass of the FM, omitting the mass 
of the balancing weight (as insignificantly small), will be 
defined by the formula: 

min min

min

| |
|

X X

X

NACH NACH BAL BAL
В Н В НCALC

D D D D

M
 



  
 

   
. (25) 

We shall obtain: 
min| X

CALC
  = 0,11 mm, which practically 

corresponds to the set value dop . 
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Thus, as a result of the calculation carried out accord-
ing to the proposed algorithm, the required parameters of 
the balancing weight were found, the installation of which 
ensures the fulfillment of condition (23) with a deviation 
of the longitudinal MCAI from its geometric axis as low 
as practicable for this FM. Good consistency of the calcu-
lated data is confirmed, which proves the correctness  
of the balancing calculation. 

Conclusion. The considered balancing algorithm for a 
conical flying model in dynamic mode using a single cor-
rection plane structurally located at a considerable dis-
tance from the center of mass of the model, with optimi-
zation according to the criterion of achieving the mini-
mum skew angle of the longitudinal main centroidal axis 
of inertia, complements the algorithm [1; 2; 12]. The al-
gorithm has been pilot tested with getting positive results 
on a newly designed vertical dynamic balancing stand 
with gas supports and is protected by patent of the Rus-
sian Federation under No. 2694142 [18]. Work is being 
carried out to introduce the algorithm into the FM balanc-
ing method. The algorithm allows to reduce the number of 
balancing steps (as a rule, to one step), or by calculation 
to prove the impossibility of balancing the FM with the 
given parameters, and, accordingly, reduce the time of the 
balancing experiment. 
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In the rapidly developing space and rocket industry, spacecrafts are being equipped with low-thrust liquid rocket 

engines. Нigh requirements are imposed on the reliability, efficiency and economy of fuel use for this type of rocket 
engine. To ensure monitoring of the characteristics of spacecrafts, a functional diagnostic system is used, which in-
cludes telemetry and analytical data processing. Telemetry performs the functions of receiving and transmitting infor-
mation. Information processing is carried out in computer centers located on the spacecraft and the Earth. The most 
promising computing tool capable of predicting time series and classifying a large amount of interconnected data is 
considered an artificial neural network. In this regard, the subject of research in the work is data processing methods 
based on an artificial neural network. The purpose of the work is to develop a method for forecasting the technical con-
dition of low-thrust liquid rocket engines using an artificial neural network. 

The relevance of research on the use of a neural network in the system of functional diagnostics of low-thrust liquid 
rocket engines for spacecraft is explained in the introduction. In the main part, an analysis of many telemetric data of 
the rocket engine is carried out and their strength in the forecast of the main diagnostic parameters is determined. It is 
proposed to use traction, specific impulse, and temperature of the structure as diagnostic parameters. The prognostic 
capabilities of the neural network were investigated and a schematic diagram of a method for predicting the technical 
condition of a low-thrust liquid rocket engine was developed. In the developed method, at the first stage, the neural 
network performs the approximation of the function and extrapolates the time series of telemetric data; the second stage 
determines the probable class of the technical condition of the engine. 

The conclusion outlines a plan for further experimental research in the study area and provides recommendations 
on the development and improvement of algorithms for functioning of artificial neural networks as part of the functional 
diagnostics system of the spacecraft. Due to the generalized nature of the methodological schemes, the results of the 
work can be applied to any type of rocket engines and used at all enterprises of the rocket and space industry of the 
corresponding profile. 

 
Keywords: rocket engine, telemetry, neural network, diagnostic parameter, approximation, classification, forecasting. 
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В стремительно развивающейся ракетно-космической отрасли создаются космические аппараты, снаб-

жённые жидкостными ракетными двигателями малых тяг. К данному типу ракетных двигателей предъявля-
ются высокие требования по надёжности, эффективности и экономичности использования топлива. Для 
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обеспечения мониторинга характеристик космических аппаратов используют систему функциональной диаг-
ностики, в состав которой входят средства телеметрии и аналитической обработки данных. Телеметрия 
выполняет функции получения и передачи информации. Обработка информации выполняется в вычислитель-
ных центрах, находящихся на космическом аппарате и Земле. Наиболее перспективным вычислительным ин-
струментом, способным проводить прогнозирование временных рядов и классифицировать большой объём 
взаимосвязанных данных, считают искусственную нейронную сеть. В связи с этим предметом исследований в 
работе являются способы обработки данных с применением искусственной нейронной сети. Цель работы за-
ключается в разработке метода прогнозирования технического состояния жидкостных ракетных двигателей 
малых тяг с использованием искусственной нейронной сети. 

Во введении обосновывается актуальность исследований по использованию нейросети в системе функцио-
нальной диагностики жидкостных ракетных двигателей малых тяг для космических аппаратов. В основной 
части проводится анализ множества телеметрических данных ракетного двигателя и определена их весо-
мость при прогнозе основных диагностических параметров. В качестве диагностических параметров пред-
ложено использовать тягу, удельный импульс и температуру конструкции. Исследованы прогностические 
возможности нейросети и разработана принципиальная схема метода прогнозирования технического состоя-
ния жидкостного ракетного двигателя малой тяги. В разработанном методе на первом этапе нейросеть вы-
полняет аппроксимацию функции и экстраполяцию временного ряда данных телеметрических данных, на вто-
ром – определяет вероятный класс технического состояния двигателя. 

В выводах намечен план дальнейших экспериментальных исследований в данной области и даются рекомен-
дации по разработке и совершенствованию алгоритмов функционирования искусственных нейронных сетей  
в составе системы функциональной диагностики космического аппарата. В силу обобщённого характера ме-
тодических схем, результаты работы могут применяться к любому типу ракетных двигателей и использо-
ваться на всех предприятиях ракетно-космической отрасли соответствующего профиля. 

 
Ключевые слова: ракетный двигатель, телеметрия, нейросеть, диагностический параметр, аппроксима-

ция, классификация, прогнозирование. 
 
Introduction. In the rocket and space industry, in the 

development of spacecrafts (SC), a significant part of the 
project time is occupied by the development of low-thrust 
liquid rocket engines (ZhRDMT). With this type of pro-
pulsion systems, the spacecraft can perform complex ma-
neuvers in space [1; 2]. 

The terminology in GOST 22396–77 “Low-thrust liq-
uid engines” defines ZhRDMT as executive bodies  
of a spacecraft control system with a thrust from 0.01  
to 1600 N. The low-thrust liquid engines can be combined 
into a low-thrust liquid engine module as an assembly 
unit consisting of several liquid-propellant engines and at 
least one common element (power frame, panel, fuel sup-
ply system, thermal insulation, etc.). 

The purpose of the low-thrust liquid rocket engines 
and their operating conditions impose on them a whole 
series of specific requirements and the following in par-
ticular: 

– multi-mode, due to continuous operation (duration 
up to τв > 103 s) and in various pulse modes with a mini-
mum on-time of 0.03 s or less and with various pauses - 
from 0.03 s to several days; the pulsed mode is divided 
into the mode of single short switching with long pauses 
between switching on, the pulsed mode, when short 
switching is alternating with pauses of various durations, 
and the mode of “connected” switching with very short 
pauses; 

– a large resource for the total operating time – up to 
50.000 s or more; 

– a large resource for the total number of on-time pe-
riods – up to 106; 

– the possibility of any combination of on-time and 
pauses; 

– ensuring high efficiency, specific impulse (Isp) of 
more than 2950 Ns/kg (300 s) for two-component low-

thrust liquid engines on a self-igniting pair of “nitrogen 
tetraoxide (NT) and asymmetric dimethylhydrazine 
(ADMH)”; 

– high reliability during operation – more than 
10 years, which requires an acceptable thermal state, both 
during engine operation and during prolonged silence. 

Low-thrust liquid rocket engines should have high re-
liability indicators, minimum weight and outer dimen-
sions, increased resource, efficiency, stability, and mini-
mal energy consumption. Ensuring a high level of these 
indicators at all stages of operation of a rocket engine 
requires accurate control of diagnostic parameters (DP) 
with subsequent prediction of the technical condition  
[3; 4]. For these purposes, the spacecraft is equipped with 
a functional diagnostic system (FDS), which allows to 
obtain diagnostic information about the low-thrust liquid 
rocket engine quickly, process data and issue a decision 
on the strategy for further operation.  

Algorithms for monitoring DP and fault detection  
in FDS are based on mathematical models of work proc-
esses [5–8]. 

At present the development of rocket technology is 
impossible without telemetry on spacecraft engines.  
Telemetry tools collect and convert sensor signals, store 
and transmit information to the control center. The use  
of telemetry can increase the information content and 
completeness of tests of low-thrust liquid rocket engines, 
reduce the number of tests and streamline planning in the 
shortest possible time [9; 10]. 

The main tasks of diagnosing low-thrust liquid rocket 
engines using telemetry tools are as follows [11]: 

– determination of the correct functioning of the en-
gine at all possible operating modes; 

– troubleshooting, indicating the location and possible 
cause of occurrence; 
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– assessment of reliability indicators; 
– predicting the correct functioning of the engine dur-

ing further operation. 
Despite the great successes in the development of low-

thrust liquid rocket engines and methods for diagnosing 
them, it is practically impossible to determine the whole 
set of defects, this is due to the fact that violations of the 
integrity of engine components and work processes can 
equally manifest themselves in diagnostic signs. In addi-
tion, the design and arrangement of the sensors are imper-
fect, as a result, when evaluating the DP there are limita-
tions in the accuracy of the results [11], and in the case of 
a large set of diagnostic data, it is difficult to determine 
the degree of their interdependence and the degree of 
weight in determining the technical condition. 

Nowadays these problematic issues are successfully 
solved by calculation methods using artificial neural net-
works (ANNs). This is due to the ability of ANNs to learn 
how to approximate functions and extrapolate, divide a lot 
of diagnostic data into classes and select the most infor-
mative features that carry the most complete information 
about the hidden laws of the state of the system. All of 
these operations ANN can perform in parallel with limited 
information [12–14]. 

In accordance with the abovementioned the aim  
of the work is to develop a method for predicting the 
technical condition of low-thrust liquid rocket engines 
using ANNs when processing telemetric data. 

Selection of defining telemetry data for ANN. The 
spacecraft’s active life in outer space is limited by the fuel 
reserves on board and can be increased by increasing the 
efficiency of its use. Depending on the tasks performed, 
the low-thrust liquid rocket engines should operate con-
tinuously and in pulse modes. When operating in the 
pulse mode, the low-thrust liquid rocket engine must have 
a minimum time to reach the steady state when the engine 
is turned on and a minimum thrust decay time when it is 
turned off. The number of engine starts during operation 
is hundreds of thousands; therefore, the impact of fuel 
economy is significant. It is of great importance for en-
gines of the control system to ensure a minimum and sta-
ble momentum value of the engine afteraction pulse. The 
afteraction pulse is mainly a function of the valve re-
sponse time, valve volumes and the number of unreacted 
fuel components. 

A high level of dynamic and energy characteristics of 
the engine will depend to a large extent on the effective 
organization of the liquid-phase interaction of the fuel 
components, which will intensify the course of the con-
version of fuel into high-temperature combustion products 
of the engine. On the other hand, to increase the reliability 
of low-thrust liquid rocket engines, it is necessary to re-
duce thermal loads on structural elements. 

In the spectrum of thrust fluctuations, the frequency 
characteristics of the engine can be distinguished, the 
change of which can be used as a sign of a violation of 
normal functioning. Therefore, thrust is of independent 
importance and should be considered as a necessary DP in 
assessing the correct functioning of the engine [11]. 

Thus, the thrust (P), specific impulse of thrust (Iy) and 
the thermal state of the structure (Tframe) should be used as 
the DP for the low-thrust liquid rocket engine [15–17]. 

When determining these DPs, the general telemetric 
data are [15]: 

mf – mass fuel consumption, kg/s; 
Tf  – fuel temperature, K; 
pc – the pressure in the combustion chamber, Pa; 
tv – valve performance, s; 
tw – engine working time, s. 
The selected factors are the most informative and 

carry all the information about the relationships among 
the DP. Therefore, the full range of telemetry tools for 
monitoring and transferring these characteristics to the 
ANN, as well as a special neural network algorithm, 
should be included in the FDS for the low-thrust liquid 
fuel engine. 

Possibilities of ANN when processing telemetric 
data of a low-thrust liquid rocket engine. At present, 
more serious requirements are made to the information 
content of the telemetry information transmission channel 
from the spacecraft [18]. In modern FDS of rocket en-
gines, DPs are divided into slowly and rapidly changing 
ones, the first include pressure, temperature, fuel con-
sumption, position of the drives, the second include ripple 
of the propellant components, vibration and voltage of the 
body parts. Slowly changing diagnostic parameters are 
measured with a frequency from 0 to 100 Hz, rapidly 
changing ones are measured with a frequency from 100 to 
30.000 Hz [11]. Telemetry sensors are installed based on 
the design features of the engine, and often they do not 
meet the requirements to ensure the necessary depth of 
diagnostics. 

The transmission speed of 8 kbit/s in the telemetry 
channel of the spacecraft control system is considered 
unsatisfactory [19]. An increase in information content of 
the channel can be achieved by increasing the physical 
speed of telemetry and the frequency of the radio channel 
range and thus increasing high technical costs. Another 
solution is to compress the information before sending it 
to the channel. 

An additional point is that there are errors in the orien-
tation and stabilization of the spacecraft, which lead to 
fluctuations in the measured values, as a result the incom-
ing telemetry information may contain lost portions of the 
communication session with the spacecraft. 

When making diagnostic monitoring during the flight 
of the low-thrust liquid rocket engines, not only processed 
telemetry information with minimal data loss is important, 
but also its high-quality visualization and analysis.  
Decoding the recorded signal significantly reduces the 
control efficiency of the spacecraft; this operation takes 
from 15 to 20 minutes, which takes a quarter of the aver-
age orbital period of many small spacecrafts [20; 21]. 

The listed factors that inhibit the process of opera-
tional control of the spacecraft also include special soft-
ware for processing telemetric information. 

For this reason, in order to increase the speed and ac-
curacy of real-time of telemetric data of low-thrust liquid 
rocket engines, it is advisable to use ANN. As already 
mentioned, the main advantage of ANNs over other artifi-
cial computing systems is the ability to learn, generalize 
and highlight hidden relationships between input and out-
put data. ANNs make it possible to increase the reliability 
of the spacecraft operation due to the intelligent analysis 
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and prediction of possible deviations of the onboard sub-
system parameters from the established standard values. In 
the space industry, ANNs are increasingly being used in 
solving management, control, and diagnostic tasks [22–24]. 

The main functional unit of the ANN is a neuron. The 
synapses receive data from the sensors of the FDS into the 
neurons. At the output the data is converted in accordance 
with the settings of the neurons using various functions 
(fig. 1). The input of one neuron may be the outputs  
of other neurons. The accuracy of solving problems is 
determined by the number of neurons, connections and 
their activation properties.  

To solve forecasting problems using ANNs, the func-
tion approximation approach is used. In this case, the ad-
justable parameters of the neural network during training 
take the form corresponding to some function that  
describes the time series of telemetry data. It should be 
noted that forecasting makes sense only when a previous 

change in diagnostic features predetermines the future 
value. 

The forecasting process is reduced to the following 
sequence of stages [25–27]: 

– preparation of initial telemetry data; 
– training of the ANN; 
– checking the adequacy of the ANN; 
– description of the ANN using algebraic or logical 

functions with a purpose to use it further. 
At the same time, the ANN can be used as a classifier 

of the state of a low-thrust liquid rocket engine (fig. 2). 
When solving the classification problem, the ANN breaks 
down the set of telemetry input signals, determines which 
class the input signal belongs to, and signals new states. It 
means that the neural network can identify previously 
unknown classes of the state of diagnosed systems, which 
is very important for developing new strategies for the 
further operation of the rocket engine.  

 
 

 
 

Fig. 1. ANN structure in FDS of rocket engines, where 
H = pk · w1 + mf · w2 + tv · w3 + tw · w4  + Тf · w6;  

wi – coupling weight; P, Iy, Tframe = f(Н) 
 

Рис. 1. Структура ИНС в СФД ракетных двигателей, где 
Н = pk · w1 + mт · w2 +  tкл · w3  +  tраб · w4  + Ттоп · w6;  
wi – весовой коэффициент связи; P, Iy, Tкон  =  f(Н) 

 
 

 
 

Fig. 2. Scheme of the neural network as a classifier  
of probabilistic states of a low-thrust liquid rocket engine 

 
Рис. 2. Схема работы нейросети как классификатора  

вероятностных состояний ЖРДМТ 
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Fig. 3. Block diagram of a method for forecasting the technical condition of a rocket engine 
 

Рис. 3. Блок-схема метода прогнозирования технического состояния ракетного двигателя 
 
 
In this case, the ANN calculates the probability of the 

current state and assigns the state of the engine to one of 
the classes distinguished by the standards. Having proc-
essed the set of incoming data, the output neuron pro-
duces a signal corresponding to a certain class of techni-
cal condition (normal, satisfactory, critical). 

Thus, the ANN can be used as a tool for calculating 
the value of the DP in a certain period of time and as a 
determinant of the current technical condition of a low-
thrust liquid rocket engine. 

A method for forecasting the technical condition of 
a low-thrust liquid rocket engine based on the ANN. 
The general objective of the method for forecasting the 
technical condition of rocket engines, using the ANN as 
the analytical block of the FDS, is reduced to comparing 
the approximated function of the current value of the DP 
with its reference value in appropriate operating condi-
tions. At the same time, the tasks of extrapolating the time 
series of telemetric data values for a given period of time 
and determining the class of the engine condition  
are solved (fig. 3).The proposed method consists of the 
following steps: 

– telemetry of the functioning of the low-thrust liquid 
rocket engine; 

– a control data set training of the ANN; 
– extrapolation of the DP value for a given period of 

time in the ANN; 
– defining the class of the current state in the ANN; 
– formation of a further operational strategy. 
Conclusion 1. In the case of a close interrelationship 

of the telemetric data of diagnostic features, it is difficult 
to determine the degree of their weight in determining the 
class of the current technical condition, as well as to for-
cast the further development of the functioning processes 
of the low-thrust liquid rocket engine. 

2. The most informative features of the normal func-
tioning of the low-thrust liquid rocket engine should in-
clude: mass fuel consumption, fuel temperature, pressure 
in the combustion chamber, valve performance and en-
gine operating time. The selected features are necessary 
when regulating traction, specific impulse and tempera-
ture of structural elements. 

3. The use of the ANN to forecast the technical condi-
tion of the low-thrust liquid rocket engine, under the con-
ditions of a minimum amount of information coming 

from the sensors of the FDS, makes it possible to extrapo-
late time series accurately and determine the current state 
of the system. But the use of the ANN involves training 
and retraining, which imposes significant restrictions on 
the efficiency of control of low-thrust liquid propellant 
rocket engines during the flight. 

4. To verify the effectiveness of the developed 
method, first of all, it is required to develop a simulation 
model capable of generating a discrete data stream, which 
is telemetric information about the diagnostic features of 
low-thrust liquid rocket engines, and after that the ANN 
will be trained in forecasting and distinguishing technical 
condition classes. The final stage of verification should be 
carried out using real experimental data. 
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Heterogeneous energy sources and homogeneous energy sources with different characteristics are frequently used in 

autonomous power supply systems. Solar batteries are widely used as primary energy sources for on-board power sup-
ply systems of spacecrafts, unmanned and manned aircrafts. Renewable energy sources such as solar, wind, geothermal 
and hydro energy, serve as primary energy sources of terrestrial autonomous power supply systems. 

Matching primary energy sources with different characteristics and operating conditions within a unified power 
supply system leads to problems connected with the power control of energy sources, which determines the relevance of 
the considered problems. 

The main aim of the study is to develop a combination of primary energy sources and control techniques which al-
low using primary energy sources with different characteristics and operating conditions in unified autonomous power 
supply system. 

The objectives of the study are to create the simulation model of a power supply system using MATLAB/Simulink 
software; to develop and test control algorithms for primary energy source controllers that would allow to maintain the 
needed battery charging current; to develop and test control algorithms for primary energy source controllers that 
would allow the primary energy sources to operate in the maximum power point tracking mode and to minimize the 
maximum power point search time. 

Methods used in the study: the simulation of a power supply system using MATLAB 7.9 Simulink software. 
Results: the simulation model of a power supply system including two primary energy sources with different charac-

teristics is designed. In the case of excess power generating by the primary energy source, its controller operates in the 
battery charging mode. When the primary source power shortage occurs, its controller operates in the maximum power 
point tracking mode. The proposed power supply system structure allows controlling two energy sources independently, 
thus the primary energy source controllers can operate in different modes. This provides flexibility of the power supply 
system. The use of fuzzy logic control algorithm increases the accuracy and search speed of the maximum power point 
tracking algorithm. Simulation results confirmed the efficiency of the proposed solar controller operation algorithms in 
all modes stated above. The efficiency of controller operation modes selection algorithm was confirmed in different op-
erating conditions. The proposed algorithms allow implementing the effective control of primary power sources depend-
ing on power supply system operating conditions. 

 
Keywords: autonomous power supply system, solar cell, solar controller, simulation model, battery, maximum power 

point tracking. 
 

ОБЕСПЕЧЕНИЕ ЭКСТРЕМАЛЬНОГО РЕГУЛИРОВАНИЯ МОЩНОСТИ ПЕРВИЧНЫХ  
ИСТОЧНИКОВ ЭНЕРГИИ ПРИ ИХ СОВМЕСТНОЙ РАБОТЕ НА ОБЩУЮ НАГРУЗКУ 
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В системах электропитания космических аппаратов, беспилотных и пилотируемых летательных аппара-

тов в качестве первичных источников энергии широко используются солнечные батареи. Для энергоснабжения 
наземных автономных объектов находят применение возобновляемые источники энергии различной природы, 
позволяющие использовать энергию Солнца, ветра, волн, рек, приливов и т. п. 
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Применение в составе автономной системы электропитания разнородных источников энергии позволяет 
осуществлять генерацию электрической энергии на интервалах времени, когда отсутствует поступление 
энергии от части используемых источников. 

Согласование первичных источников энергии с различными характеристиками и условиями работы в рам-
ках одной системы электропитания приводит к возникновению дополнительных сложностей, связанных с ре-
гулированием мощности источников, что и определяет актуальность рассматриваемых задач. 

Цель исследования: разработка способов объединения первичных источников энергии с различными харак-
теристиками и условиями работы в единую автономную систему электропитания и алгоритмов управления 
контроллерами этих источников. 

Задачи: создание имитационной модели системы электропитания в среде MATLAB/Simulink; разработка  
и проверка алгоритма управления контроллерами первичных источников, обеспечивающего поддержание  
желаемого тока заряда аккумуляторной батареи системы электропитания; разработка и проверка алгорит-
мов управления контроллерами первичных источников, обеспечивающих отбор максимальной мощности от 
каждого из нескольких первичных источников, в том числе и с минимизацией времени поиска точки максималь-
ной мощности. 

Методы исследования: имитационное моделирование системы электропитания с использованием языка 
Simulink, входящего в состав программного пакета MATLAB 7.9. 

Результаты: разработана имитационная модель системы электропитания, включающая два источника 
энергии с различными характеристиками. При избытке мощности, генерируемой первичным источником энер-
гии, контроллер источника энергии находится в режиме заряда аккумуляторной батареи заданным фиксиро-
ванным током. При дефиците мощности первичного источника контроллер функционирует в режиме поиска 
экстремальной мощности. Структура системы электропитания позволяет управлять двумя источниками 
энергии независимо друг от друга. Таким образом, контроллеры источников энергии могут находиться  
в различных режимах работы, обеспечивая повышенную гибкость системы электропитания. Использование 
алгоритма управления на нечеткой логике увеличивает скорость поиска точки максимальной мощности,  
а также повышает точность работы алгоритма. Проведенные с использованием разработанной модели ис-
пытания подтвердили работоспособность алгоритмов управления контроллеров солнечной батареи во всех 
режимах работы. Подтверждена работоспособность алгоритма выбора режима работы контроллеров  
в различных условиях. Предложенные алгоритмы позволяют осуществлять эффективное регулирование мощ-
ности первичных источников энергии в зависимости от различных условий работы автономной системы элек-
тропитания. 

 
Ключевые слова: автономная система электропитания, солнечная батарея, контроллер солнечной батареи, 

имитационная модель, аккумуляторная батарея, экстремальное регулирование. 
 
Introduction. In the autonomous power supply sys-

tems (PSS) wide used renewable energy sources. In PPS 
of spacecrafts and unmanned and manned aircrafts the 
solar panel are widely used as primary sources of energy 
[1–3]. Renewable energy sources, such as the sun, wind, 
waves, rivers, tides, etc., provide energy to ground-based 
autonomous objects [2–5]. 

Heterogeneous energy sources, and in some cases ho-
mogeneous energy sources with different characteristics 
are studied below. The use of various combinations  
of dissimilar energy sources allows reducing the con-
sumer’s dependence on changing external conditions that 
affect the output of the useful power of some autonomous 
power supply systems [3–7]. In space-based PSSs, the 
primary sources (PS) of energy are mainly solar panels 
(SP) [8–11].  

Design features of the placement of several SPs on the 
spacecraft can lead to significantly diverse external char-
acteristics of these SPs. 

Coordination of primary energy sources with different 
characteristics and operating conditions within the unified 
PSS leads to additional difficulties in ensuring their  
joint work, in particular, with extreme power control  
of each PS. 

Problem formulation. Autonomous power supply 
systems include directly primary energy sources, a storage 

battery (SB), a cable network and PS controllers, made in 
the form of converters with control devices. 

The article describes operating algorithms and struc-
ture of SP controllers is a part of an autonomous power 
supply system with solar panels as primary energy 
sources. The operating algorithm of the SP controller 
should provide a charge of the battery with a constant 
current of a given value, as well as charging battery with a 
decreasing current while maintaining a certain fixed volt-
age on the battery in the case when the current power of 
the battery exceeds the total power consumed by the load 
and the battery. In the case when the current SP power is 
less than the total power consumed by the load and the 
battery, the SP controller operates in the search mode for 
extreme power and provides the selection of maximum 
power from the SP. 

PSSs of microsatellites and small spacecrafts usually 
include several sections of solar panels located on each 
side of the spacecraft [8–10]. Therefore, the SP sections 
of such a spacecraft are in various lighting conditions and 
make various contributions to the total power of the solar 
cells. Moreover, sections of the SP can have different 
characteristics, and the maximum power that each section 
of the SP can generate depends not only on the individual 
characteristics of the section, but also on the orientation of 
the section on the Sun. 
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Fig. 1. Structural diagram of autonomous power supply system with several primary energy sources 
 

Рис. 1. Структурная схема автономной системы энергоснабжения  
с несколькими первичными источниками энергии 

 
 
When several SPs with different characteristics are 

connected to the total load in parallel using a common 
voltage converter [4; 8; 9], the position of the operating 
points on the power characteristic of each energy source 
cannot be individually controlled, since the SP controller 
in this case will provide control of the position of the op-
erating point on the resulting power characteristic of par-
allel connected SP. In the extreme power selection mode, 
this leads to a decrease in the total power given by the SP 
to the load. Thus, it becomes necessary to use individual 
SP controllers, which can provide regulating the position 
of the operating points on the power characteristics for the 
SP independently. 

The state-of-art of microcontroller technology allows 
reducing the size of the control device and implementing 
control of the SP controller based on the microcontroller 
[12]. At the same time, it becomes possible to implement 
not only a step-by-step algorithm for searching an extre-
mum of SP power [13–15], but also more complex algo-
rithms that speed up the searching process for an extre-
mum and increase the power level generated by SP while 
reducing the amplitude of the operating point oscillations 
on the current-voltage characteristic of the SP in a 
neighborhood maximum power points [16; 17]. The ac-
celeration of the extremum search process is especially 
important in the case of spacecraft rotation around its axis 
with a certain angular speed [9; 10]. Approaches to the 
implementation of a power supply system with several 
energy sources, as well as control algorithms for SP con-
trollers, are considered in this paper. 

Solutions. When solving the problem of regulating the 
power of each primary source individually, we use the 
structural diagram of an autonomous PSS, shown in fig. 1 

In accordance with the structural diagram shown in 
fig. 1, energy sources PS1 and PSn are connected in series 
to the controllers PS (CPS1 and CPSn). Output terminals 
controllers CPS1-CPSn connected to the SB and the 
power load (PL). Thus, it becomes possible to implement 
independent control of energy sources and ensure the op-
eration of the following controller operation modes: 

– battery charge mode with direct current of the given 
fixed value; 

– search mode for the extreme power of the solar bat-
tery. 

When power of the source is available and the battery 
needs to be charged, the SP controller charges the battery 
with direct current of the given fixed value ISB.set, subject 
to the limitation of the voltage USB on the battery. Fig. 2 
shows a block diagram of an algorithm for charging a 
battery with a given fixed current. 

According to the algorithm, the SP controller reads the 
voltage and current signals of the battery, after which the 
condition for the voltage on the battery managed to reach 
its maximum voltage value is checked. If this condition is 
met, then the SP controller disconnects the battery from 
the energy source. If the condition is not met, then the 
equality of the present current value and the set value of 
the optimal charge current is checked. If the present cur-
rent value is in a certain predetermined range, then it is 
equal to the optimal charging current with some error, 
then the demanded cycle ratio remains constant. If the 
charge current is less than the specified one, taking into 
account the error, then the pulse duty ratio increases by a 
certain amount, otherwise it decreases. The magnitude of 
the change in the duty cycle of pulses in one step of the 
algorithm is set programmatically and does not change 
during the operation of the algorithm. 

If the primary source of a power shortage is detected, 
the SP controller selects the extreme power of the solar 
battery operating in accordance with the developed ex-
treme power search algorithm. In the extreme power 
search mode, the operating point on the SP power charac-
teristic performs oscillations in the nearest of the maxi-
mum power point. In this case, part of the SP power ex-
ceeding the power consumed by the load, is supplied to 
the battery charge. Fig. 3 shows a block diagram of a 
step-by-step algorithm of the controller operates in the 
search mode for extreme power [16].  

In the extreme power search mode, the controller 
reads the current and voltage signals of the SP, and then 
multiplies them. If the signals are measured for the first 
time, then the current power is defined as the power re-
ceived from the SP in the previous step. Next, an increase 
in the fill factor of the control pulses by a certain value k 
is viewed, being determined by the controller based on 
fuzzy logic occurred, then the current power of the SP is 
again calculated. If the power has increased to the value 
compared to the value stored in the previous step, then a 
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further increase in the duty cycle is observed. In the case 
when the measured power decreases, the direction of 
movement of the operating point is changed according to 
the power characteristic of the SP, and, consequently, a 
decrease in the fill factor of the control pulses is viewed. 

The value of step k in the extreme power search mode 
is calculated by the fuzzy logic control unit [18–20], the 

input variables of which are the derivative of the power 
with respect to voltage dP / dV for one step of searching 
for extreme power, as well as the absolute change in 
power dP for this step.  

Fuzzy terms of the values of step k depending on the 
values of the terms of the input variables of the controller 
are given in table. 
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Fig. 2. Flowchart of the algorithm of specified fixed current battery charging mode 
 

Рис. 2. Блок-схема алгоритма зарядки аккумулятора фиксированного тока 
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Fig. 3. Flowchart of maximum power point tracking algorithm 
 

Рис. 3. Блок-схема алгоритма отслеживания точки максимальной мощности 
 
 
 

Values of k step terms in the maximum power point tracking mode 
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Fig. 4. Flowchart of solar controllers operation modes selection algorithm 
 

Рис. 4. Блок-схема алгоритма выбора режима работы контроллеров солнечных батарей 
 

 
The choice of the current operating modes of the SP 

controllers is determined by the unit selecting an operat-
ing mode (USOM). The flowchart of the operation algo-
rithm USOM of the SP controllers is shown in fig. 4.The 
mode selection block at each step of operation determines 
the SP controller with the highest current power value. If 
the SP controller with the highest power value operates in 
the battery charge mode with a fixed current, and the cur-
rent value of the charging current ISB is less than the 
specified ISB.set, this controller is put into the search mode 
for extreme power. The choice of the SP controller with 
the highest power value is due to the potentially largest 
increase in the current delivered to the load and to the 

battery charge after switches it to the extreme power 
search mode.  

This allows reducing the time for switching operating 
modes of other SP controllers in the case of transferring 
the switch of one controller to the extreme power search 
mode and achieves the set value of the charging current 
ISB.set. If controllers operate in the extreme power search 
mode, and the charging current value ISB is still less than 
the specified ISB.set, the controller operating mode does not 
change, since in this case it is not possible to ensure a 
further increase in the power transmitted from the 
sources. In the case when the SP controllers operate in the 
search mode of extreme power, and the value of the 
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charging current ISB exceeds the set value ISB.set, all SP 
controllers are switched to the battery charge mode with a 
fixed current. Each cycle of the mode selection unit fin-
ishes with the time delay necessary to complete the tran-
sient processes after changing the operation mode of the 
SP controller. 

To test the proposed control algorithms was developed 
of a simulation model the power supply system with two 
primary sources in the MATLAB / Simulink environment 
was developed, the module is shown in fig. 5. 

The simulation model of the power supply system 
contains two primary sources of energy represented by the 
solar panels SP1 and SP2, which represent several series-
connected solar cells from the library of components of 
Simscape [21]. SP1 and SP2 are connected to the control-
lers a CSP1 and CSP2 running on the total load PL in the 
form of resistors R2 and R3 and the battery – SB with an 
internal resistance R1. SP controllers consist of control 
units (CU1 and CU2) together with voltage converters 
CSP1 and CSP2 and represent functional blocks, the func-
tioning algorithms of which accord with the control algo-
rithms shown in fig. 2 and 3.  

The converters CSP1 and CSP2, which are part of the 
controllers CSP1 and CSP2 accord with the scheme of a 
step-down voltage converter [4; 8; 13–16]. USOM is a 
functional block that contains the m-code as a built-in 
function for the Simulink environment [22]. The input of 
the mode selection block receives signals about the cur-
rent operating mode of each controller, the current power 
values of each energy source, as well as the current value 
of the current ISB of the battery. The USOM functioning 
algorithm is developed in accordance with the flowchart 
shown in fig. 4. 

A comparative analysis of the operation of extreme 
power search algorithms with a fixed step and a variable 
step is shown in fig. 6. 

The analysis of time diagrams of the extreme power 
search algorithm operating showed that the use of a vari-
able step in the extreme power search algorithm based on 
fuzzy logic increases the search speed of the maximum 
power point by 50.8%. The searching algorithm for ex-
treme power with a variable step, developed using fuzzy 
logic, also reduces the underutilization of the SP power 
caused by fluctuations in the operating point relative to 
the point of maximum power of the SP by 2.8 %. 

In fig. 7 shows a time diagrams of the current battery 
ISB, it explains the process of changing the operating 
modes of the SP controllers. 

In the time interval from t = 0 to t0, the controllers of 
the power supply system do not change the fill factor of 
the control pulses of the converters and the current of the 
battery ISB charge remains constant. At time t0, both 
power system controllers are put into battery charge mode 
with a given fixed current. At this time, a gradual increase 
in the fill factor of the control pulses occurs, which leads 
to an increase in current ISB up to the value of the optimal 
charge current ISB.set = 10 A. At the time t1, the process of 
increasing the fill factor of the pulses ends, since the 
value of the charging current ISB becomes equal to ISB.set 
with some predetermined error. At the time t2 , an 
additional load is connected, which leads to a stepwise 
increase in the load current and a decrease in the charging 
current ISB , after which the controller starts the process of 
increasing the duty cycle of the pulses in order to achieve 
the specified optimal value ISB.set with the charging 
current.  

 

 
 

Fig. 5. Simulation model of the power supply system with two primary energy sources 
 

Рис. 5. Имитационная модель системы электроснабжения с двумя первичными источниками энергии 
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Fig. 6. Change in solar panel power in the maximum power point tracking mode 
 

Рис. 6. Изменение мощности солнечной панели в режиме отслеживания точки  
максимальной мощности 

 
 
 

 
Fig 7. Change in battery current in the process of solar controllers modes switching 

 
Рис 7. Изменение тока батареи в процессе переключения режимов работы  

солнечных контроллеров 
 

 
At time t3, the operating points on the characteristics 

of the solar cells SP1 and SP2 are located in the vicinity 
of the maximum power point, but the controllers, in 
accordance with the control algorithm, continue the 
process of increasing the fill factor of the control pulses 
up to time t4, when the maximum value of the fill factor 

is observed. Since the optimal value of the charging 
current ISB.set= 10 A was not achieved during the operation 
of the SB charge mode algorithm, at the time t5, the SP 
controller with the highest current power value (in this 
case SP1) switches to the search for extreme power, and 
the operating point on the power characteristic SP1 starts 



 
 
 

Авиационная и ракетно-космическая техника 
 

 93

moving towards the point of maximum power of the solar 
battery. By the time t6, the operating point on the power 
characteristic SP1 reaches the vicinity of the maximum 
power point, which, however, does not lead to the 
achievement of the specified optimal value ISB.set by the 
charging current ISB. Further, at the time t7, the SP 
controller with a lower value of the current power (SP2) 
switches to the extreme power search mode, and the 
operating point on the power characteristic SP2 starts 
moving towards the maximum power point. By the time 
t8, the operating point on the power characteristic SP2 
reaches a neighborhood of the maximum power point. At 
the time t9, the additional load is switched off, which 
leads to a stepwise decrease in the load current and an 
increase in the charging current ISB. At time t10, the mode 
selection unit, in accordance with the operation algorithm, 
switches both controllers to the battery charge mode with 
a fixed current, after which the process of decreasing the 
duty cycle of the pulses begins in order to achieve the 
specified optimal value ISB.set by the charging current. By 
the time t11, the charge current ISB of the battery again 
reaches its optimum value ISB.set = 10 A with some prede-
termined error. 

Conclusion. 
1. Operating several electric energy sources including 

energy stores within of unified autonomous power supply 
system erases the problem of their coordinated teamwork 
aimed at the effective utilization of their occur, in particu-
lar a problem of the maximal outfeed of energy from re-
newed energy sources. 

2. The simulation model of the power supply system, 
including two energy sources with various characteristics 
has been developed. At surplus of the capacity generated 
by a primary energy source, the energy source controller 
operates in battery charging mode with a given fixed cur-
rent. In the case of primary source power shortage the 
controller operates in a mode of search of extreme capac-
ity. The structure of the power supply system allows oper-
ating two energy sources independently. Thus, energy 
source controllers can operate in various modes of opera-
tion, providing the raised flexibility of power supply sys-
tem. The use of control algorithm on the base of fuzzy 
logic increases speed of search of a point of the maximal 
capacity, as well as increases accuracy of the implementa-
tion of the algorithm. 

3. The experimental study of the developed model 
have confirmed working capacity of control algorithms  
of the solar battery controllers in all operation modes.  
The efficiency of the algorithm for choosing the controller 
operating modes in various conditions is confirmed.  
The introduced algorithms provides effective capacity 
regulation of primary energy sources depending on vari-
ous operating conditions for autonomous power supply 
systems. 
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PROSPECTS FOR THE DEVELOPMENT OF HIGH-VOLTAGE POWER SUPPLY SYSTEMS  

OF SPACECRAFT WITH A CHARGE-DISCHARGE REGULATOR 
 

M. M. Filonova 
 

Tomsk State University of Control System and Radio Electronics 
40, Lenina Av., Tomsk, 634050, Russian Federation 

E-mail : cmm91@inbox.ru 
 
Changing the low-voltage level of the output load power bus (27–28 V) in the power supply system (PSS) of the 

spacecraft (SC) to a high-voltage (100 V) allowed us to significantly reduce the SC mass in connection with the reduc-
tion in the mass of cables and energy converting equipment (ECE). However, a number of problems have arisen related 
to the difficulty of matching the increased voltage levels of energy sources and loads, taking into account the necessary 
level of reliability of the PSS. Therefore, the issues of choosing the PSS structure and methods for developing ECE are 
relevant and priority task facing their developers. To date, in the field of development and creation of high-voltage 
high-power PSS of SC, a promising direction is their design based on integrated ECE modules, in particular, on the 
basis of modules of charge-discharge regulators (CDR) of accumulator batteries (AB). 

In the article, a calculation and comparative analysis of the SC PSS structures with the connection of the CDR mod-
ule to the solar battery (SB) bus and with the connection of the CDR module to the output load power bus is performed. 
In the course of analysis of the results obtained, it was found that both options for the PSS implementation can be opti-
mal depending on the given curve of the SC load and the requirements for the PSS for specific energy, weight-
dimension and other characteristics. The final choice of the SC PSS structure should be made subject to the specific 
power of the ECE and the subsequent calculation of the weight-dimension characteristics of the alternative PSS. Simu-
lation of two options for the implementation of the AB CDR module was carried out: a push-pull converter with one 
inductor and a Weinberg converter with a magnetically coupled inductor and an additional power diode. It is estab-
lished that both investigated options can be used in the development and creation of the CDR module of the high-
voltage PSS of spacecraft. However, the design of CDR module based on the Weinberg converter can significantly  
reduce the values of the used inductors and output capacitors subject to the required levels of output voltage ripple. 

 
Keywords: spacecraft, power supply system, maximum power point tracking mode, battery charge-discharge regu-

lator, Weinberg converter. 
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Изменение низковольтного уровня напряжения выходной шины питания нагрузки (27–28 В) в системе элек-
тропитания (СЭП) космического аппарата (КА) на высоковольтный (100 В) позволило существенно умень-
шить массу КА в связи со снижением массы кабелей и энергопреобразующей аппаратуры (ЭПА). Однако воз-
ник ряд проблем, связанных со сложностью согласования возросших уровней напряжений источников энергии  
и нагрузки с учетом обеспечения необходимого уровня надежности СЭП. Поэтому выбор структуры СЭП  
и способов схемотехнической реализации ЭПА является актуальной и первоочередной задачей, стоящей перед 
разработчиками. На сегодняшний день в области разработки и создания высоковольтных СЭП КА перспек-
тивным направлением считается их проектирование на основе объединённых модулей ЭПА, в частности,  
на основе модулей зарядно-разрядных устройств (ЗРУ) аккумуляторных батарей (АБ). 
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В статье проведен расчет и сопоставительный анализ структур СЭП КА с подключением модуля ЗРУ  
к шине солнечной батареи (БС) и выходной шине питания нагрузки. В ходе анализа полученных результатов 
установлено, что оба варианта реализации СЭП могут быть оптимальны в зависимости от заданной цикло-
граммы нагрузки КА и предъявляемых к СЭП требованиям по удельным энергетическим, габаритно-массовым 
и иным характеристикам. Окончательный выбор структуры СЭП должен проводится при условии учета 
удельной мощности ЭПА и последующего расчета габаритно-массовых характеристик альтернативных  
вариантов СЭП. Проведено имитационное моделирование двух вариантов реализации модуля ЗРУ АБ: двух-
тактного преобразователя c одним дросселем и преобразователя Вейнберга с магнитосвязанным дросселем и 
дополнительным силовым диодом. Установлено, что оба исследованных варианта могут быть использованы 
при разработке и создании модуля ЗРУ высоковольтной СЭП КА. Однако проектирование ЗРУ на основе пре-
образователя Вейнберга позволяет значительно уменьшить номиналы используемых дросселей и выходных 
конденсаторов при условии обеспечения требуемых уровней пульсаций выходных напряжений. 

 
Ключевые слова: космический аппарат, система электропитания, энергопреобразующая аппаратура, мо-

дуль зарядно-разрядного устройства, преобразователь Вейнберга. 
 
Introduction. For the purpose of high-quality and 

timely performance of tasks implemented by spacecraft, it 
is necessary to develop their reliable power supply sys-
tems (PSS) with the most improved specific energy and 
dimensional mass characteristics. One of the first and 
main tasks that arise during the development and creation 
of PSS SC is the choice of their structure. The PSS must 
implement a reasonable consumption of the capacity gen-
erated by solar and accumulator batteries (SB and AB) in 
order to provide consumers with the required types of 
electric energy with the specified quality indicators. The 
problem is solved by calculation and comparative analysis 
of options for the PSS structures, followed by selection of 
the most optimal one from the point of view of the ac-
cepted criteria for system efficiency (weight, dimensions, 
energy characteristics, etc.) [1]. 

Since the 70s of the 20th century, the development of 
PSS is based on structural schemes with serial or parallel 
voltage regulators (VR) of the SB [2; 3]. The output volt-
age of the stabilized load supply bus was mainly 27–28 V. 
The most widely used parallel-serial structure in Russia 
allows implementing the extreme power control mode of 
the SB and its maximum usage [4; 5]. Such PSS are im-
plemented on SC developed by the leading companies of 
the Russian space Agency: JSC “Academician M. F. Re-
shetnev “Information Satellite Systems” (Zheleznogorsk), 
JSC “NPO n.a. S.A. Lavochkin” (Khimki), JSC “RCC 
“Progress” (Samara). They are widely used as at a low 
voltage output of the PSS the maximum value of open 
circuit voltage of SB at the moment of exit from the Earth 
shadow does not exceed 80 V. That allows to easily com-
piling a list of used power items and materials. However, 
the schemes designed by traditional methods and worked 
out over many years of operation do not allow obtaining 
the necessary high quality indicators, taking into account 
the constantly increasing requirements for improving the 
characteristics of the PSS. 

The creation of a high-voltage (100 V) PSS for auto-
mated SC allows significant reducing of the mass of SC 
in connection with the reduction of the mass of cables and 
energy converting equipment (ECE). However, there is a 
number of issues appeared due to the rise of higher volt-
age power sources and their correlation with the necessary 
level of reliability of PSS SC. The main problem is an 
increase in the SB voltage when the SC leaves the Earth's 
shadow, which is unacceptable because of the possibility 

of electrostatic discharges between the SB photodiode 
chains and current-collecting elements and the occurrence 
of an emergency mode of the PSS [6; 7]. To limit  
the voltage on the SB, it is necessary to use special  
devices or implement the modes of operation of the PSS 
that do not allow increasing the voltage on the SB more 
than 180V [8]. 

The developers of high-voltage PSS for large space 
platforms (up to 20 kW) for geostationary orbit solved the 
problem by selecting the optimal shunt structure at that 
time, in which the output voltage on the load is stabilized 
by limiting the voltage on the SB during the entire service 
life. Examples of such space platforms are Express-2000, 
Spacebus 4000, etc. [5]. The use of shunt PSS is optimal 
for achieving high energy characteristics in the case of 
geostationary orbits with constant illumination and a uni-
form cyclogram of the SC load. However, the calculation 
of the PSS is performed at the end of the service life un-
der conditions of degradation of energy sources, which 
negatively affects its characteristics. Until the SB reaches 
the characteristics corresponding to the degradation state 
and the worst operating conditions in this structure, it will 
be significantly underutilized in capacity. 

An urgent task for today, the solution of which will al-
low to achieve a significant improvement in the character-
istics of high-voltage PSS of SC, taking into account the 
non-simultaneous processes of charge and discharge of 
AB, is the development of PSS with modules of battery 
charging and discharge devices [9]. 

Structures of a high-voltage PSS with a battery 
charge-discharge regulator. Fig. 1 shows the options  
for implementing the structures of high-voltage PSS with 
the CDR module of AB, where L is the load. 

Tab. 1 shows the ratio for determining required levels 
of current values generated by the SB and AB capacities, 
taking into account the efficiency of PSS in accordance 
with the operation modes of the alternative variants of 
PSS and graphs of SC load. 

Tab. 1 symbols: PБС(τ) – current value of SB power 
BS, PН(τ) – current value of load power, PАБ_ЗУ(τ) – cur-
rent value of the AB power charge, PАБ_РУ(τ) – current 
value of the AB discharge power, ηРН(τ) – the efficiency 
coefficient PH, ηЗУ(τ) – efficiency coefficient of CDR 
module in AB charging process, ηРУ(τ) is the efficiency 
coefficient of the CDR in the discharging of AB, ηАБ(τ)  – 
the rate of AB. 
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For arbitrarily composed abruptly variable cyclograms 
of the SC load and the graph of the generated SB power 
(fig. 2, 3) the processes of energy flows in the PSS and 
the calculation taken at the same values of the efficiency 

of ECE (95 %) were investigated with objective of com-
parative analysis of alternative structures of PSS and de-
termination its optimal structure, subject to minimizing 
the overall power of ECE [1]. 

 
 

 
 

а                                                      b 
 

Fig. 1. The structure of the high voltage SC PSS with the connection of the battery 
charge-discharge regulator to the load output bus (a), to the solar battery bus (b) 

 
Рис. 1. Структуры высоковольтных СЭП КА с подключением модуля ЗРУ  

к шине питания нагрузки (а) и шине солнечной батареи (б) 
 
 

Table 1 
Current values of SB, AB and load capacities in the PSS 

 

Mode of energy 
supply loads: 

PSS with connection of the CDR module to the 
load bus 

PSS with connection of the CDR module  
to the SB bus 

From SB 
Н БС РН( ) ( ) ( )    P P  
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From AB 
Н АБ_РУ РУ АБ( ) ( ) ( ) ( )      P P  

Н АБ_РУ РУ РН АБ( ) ( ) ( ) ( ) ( )        P P  

 
 
 

 

 
Fig. 2. Load cyclogram 1 and graph of the SB generated power in the PSS 

 
Рис. 2. Циклограмма нагрузки 1 и график генерируемой БС мощности в СЭП 
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Fig. 3. Load cyclogram 2 and graph of the SB generated power in the PSS 
 

Рис. 3. Циклограмма нагрузки 2 и график генерируемой БС мощности в СЭП 
 
 

Table 2 
Calculated values of the mass of energy sources and ECE capacities in the PSS 

 

PSS with connection of the 
CDR module to the load bus 

PSS with connection of the 
CDR module to the SB bus 

Parameter 

Cyclogram load 1 

SB mass, kg 39.57 39.57 
AB mass, kg 46.65 49.11 
Maximum calculated capacity of CDR 
in CR mode, W 

1835.4 1932.0 

Maximum calculated capacity of CDR 
in DR mode, W 

3157.9 3324.1 

Maximum calculated capacity PH, W 3195.1 3157.9 

 Cyclogram load 2 
SB mass, kg 23.78 23.78 
AB mass, kg 36.32 38.23 
Maximum calculated capacity of CDR 
in CR mode, W 

848.8 893.4 

Maximum calculated capacity of CDR 
in DR mode, W 

1421.1 1495.8 

Maximum calculated capacity PH, W 1920 1421.1 
 
 

 
Tab. 2 shows the main design parameters for alterna-

tive versions of the EPA for different cyclograms of the 
SC load. 

Within the cyclogram load 1 of the SC, the mass of 
the SB in the alternative versions of the PSS is the same. 
The mass of the AB in the PSS with the connection of the 
CDR module to the SB bus is greater by 2.46 kg. How-
ever, given that in practice the AB are selected with a 
certain margin, the mass of the AB for both versions of 
the PSS can be equal. 

The maximum calculated power of the CDR in the CR 
mode and in the DR mode in the PSS with the connection 
of the CDR module to the SB bus is greater by 166 W and 
97 W, respectively, compared to the maximum calculated 
power of the CDR of the alternative implementation of 
the PSS. However, in the PSS with the connection of 
CDR to SB bus maximum design capacity of WL is 37 W 
less because some part of SB generated power is con-
sumed by CR to provide AB charging. 

Within the cyclogram load 2 of the SC, the mass of 
the SB in the alternative versions of the PSS is the same. 
The mass of the AB in a PSS with the CDR module con-

nected to the SB bus is greater by 1.91 kg. However, as 
described above, in practice, the mass of the AB for both 
versions of the PSS may be equal. 

The maximum calculated capacity of the CDR in the 
CR mode and in the DR mode in the PSS with the con-
nection of CDR to the SB is 44.6 and 74.7 W more re-
spectively, compared to maximum calculated capacity of 
CDR in alternative PSS. However, in a PSS with the CDR 
module connected to the SB bus, the maximum calculated 
power of the WL is less by 498.9 W. 

In the course of studying the processes of distribution 
of energy flows in the PSS from tab. 2 it can be seen that 
the SC PSS with a sharply variable load cyclogram 1 is 
advisable to design according to the implementation op-
tion of the PSS with the connection of the CDR module to 
the output bus of the load power supply. However, when 
the load cyclogram is 2, it is advisable to design the SC 
PSS according to the implementation option of the PSS 
with the connection of the CDR module to the SB bus. 
The final choice of the PSS structure should be made  
subject to taking into account the specific power of the 
energy-generating equipment used and the subsequent 
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calculation of the dimensional and mass characteristics of 
alternative PSS options. 

Simulation of CDR module of the accumulator bat-
tery. One of the options for the schematic implementation 
of the CDR module is its development based on a push-
pull converter with a single inductor [10]. 

In the LTspice IV environment, simulation models of 
the CDR based on a push-pull converter with a single 
inductor for the charge and discharge modes of the AB 
were developed (fig. 4, 5). The parameters of the elements 
of the simulation model of CDR: accumulator battery 
voltage in the discharge mode UАБ_РАЗ is equal to 55 V; 
the voltage of the output power bus load UН is 100 V; the 

inductance of each winding of the transformer TV1.1 and 
TV1.2 is equal to 35 µH; inductance of the inductor L4 is 
9.4 µH; frequency f is equal to 100 kHz for model transis-
tor IRFP4668; diode model Mbr20200ct; the capacitor of 
7.4 µF and 32 µF. It is accepted that the output voltage 
ripple should not exceed 1 %. Converter capacity in the 
discharge mode is equal to 1500 W at a voltage level of 
the output power bus load of 100 V. The converter capac-
ity in the charge mode is 900 W at a voltage level of 
charging AB equal to 60 V. 

Fig. 6, 7 show the waveforms of the voltages flowing 
in the converter in the discharge and charge mode  
of the AB.  

 
 

 
 

Fig. 4. Simulation model of CDR in AB discharge mode 
 

Рис. 4. Имитационная модель ЗРУ в режиме разряда АБ 
 
 

 
 

Fig. 5. Simulation model of CDR in AB charge mode 
 

Рис. 5. Имитационная модель ЗРУ в режиме заряда АБ 
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Fig. 6. Waveforms of CDR voltages in the AB discharge mode: V (out) – output  
voltage; V (out, Uvt2) and V (out, Uvt1) are the voltages on the diodes VD3 and 

VD2; V (Uvt2) and V (Uvt1) – voltage on transistors VT2 and VT1; V (Uvt2, N002) 
and V (N001, Uvt1) – voltage on the transformer windings TV1.2 and TV1.1;  

V (N001, N002) – voltage at the inductor L4 
 

Рис. 6. Осциллограммы напряжений ЗРУ в режиме разряда АБ: V(out) –  
напряжение на выходной шине питания нагрузки; V(out, Uvt2) и V(out, Uvt1) – 
напряжения на диодах VD3 и VD2; V (Uvt2) и V (Uvt1) – напряжения на транзи-
сторах VT2 и VT1; V(Uvt2, N002) и V(N002, Uvt1) – напряжение на обмотках 
трансформатора TV1.2 и TV1.1; V (N001, N002) – напряжение на дросселе L4 

 
 
 

 
 

Fig. 7. Waveforms of CDR voltages in the AB charge mode: V (N002, Us) – voltage 
on the transistor VT3; V (Us) – voltage of diode VD0; V (Us, N001) – voltage at the 

inductor L4; V (n001) – AB charge voltage 
 

Рис. 7. Осциллограммы напряжений ЗРУ в режиме заряда АБ: V (N002, Us) – 
напряжение на транзисторе VT3; V (Us) – напряжение на диоде VD0;  

V (Us, N001) – напряжение на дросселе L4; V (n001) – напряжение заряда АБ 
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Another promising option for implementing CDR 
model is its circuit design based on a Weinberg converter 
with a magnetically coupled inductor and an additional 
power diode [11–15]. 

In the LTspice IV environment, simulation models of 
the CDR based on the Weinberg converter with a mag-
netically coupled inductor for the charge and discharge 
modes of the AB were developed (fig. 8, 9). 

The parameters of the elements of the simulation 
model of CDR: accumulator battery voltage in the dis-
charge mode UАБ_РАЗ equal to 55 V, the voltage of the 
output power bus load UН is 100 V, the inductance of 

each winding of the transformer TV1.1 and TV1.2 is 
equal to 35 µH, inductance of inductors L1.1 and L1.2 
equal to 2.36 µH, the frequency f is equal to 100 kHz for 
transistor model IRFP4668, diode model Mbr20200ct, the 
capacitor is 2 µF and 32 µF. 

Converter capacity in the discharge mode is equal  
to 1500 W (when UН = 100 V). Converter capacity in the 
in charge mode is 900 W (when the charge voltage of AB 
is 60 V).  

Fig. 10, 11 show the waveforms of the voltages flow-
ing in the converter in the discharge and charge mode  
of the AB. 

 
 

 
 

Fig. 8. Simulation model of CDR  in AB discharge mode 
 

Рис. 8. Имитационная модель ЗРУ в режиме разряда АБ 
 
 

 
 

Fig. 9. Simulation model of CDR in AB charge mode 
 

Рис. 9. Имитационная модель ЗРУ в режиме заряда АБ 
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Fig. 10. Waveforms of CDR voltages in the AB discharge mode: V (out) – output voltage;  
V (out, Uvt2) and V (out, Uvt1) are the voltages on the diodes VD3 and VD2; V (Uvt2)  

and V (Uvt1) – voltage on transistors VT2 and VT1; V (Uvt2, N002) and V (N002, Uvt1) –  
voltage on the transformer windings TV1.2 and TV1.1; V(N001, N002) and V (Us, N002) –  

voltage at the magnetically coupled inductor; V (Us, Uout) – voltage of transistor VT3 
 

Рис. 10. Осциллограммы напряжений ЗРУ в режиме разряда АБ: V (out) – напряжение 
на выходной шине питания нагрузки; V (out, Uvt2) и V (out, Uvt1) – напряжения  

на диодах VD3 и VD2; V (Uvt2) и V (Uvt1) – напряжения на транзисторах VT2 и VT1;  
V (Uvt2, N002) и V (N002, Uvt1) – напряжение на обмотках трансформатора TV1.2  

и TV1.1; V (N002, N001) и V (Us, N002)  – напряжения на магнитосвязанном дросселе; 
V (Us, Uout) – напряжение на транзисторе VT3 

 
 

 
 

Fig. 11. Waveforms of CDR voltages in the AB charge mode: V (N002, Us) – voltage  
on the transistor VT3; V (Us) – voltage of diode VD0; V (Us, N002) and V (N002, N001) – 

voltage at the magnetically coupled inductor; V (n001) – AB charge voltage 
 

Рис. 11. Осциллограммы напряжений ЗРУ в режиме заряда АБ: V (N002, Us) – напря-
жение на транзисторе VT3; V (Us) – напряжение на диоде VD0; V (Us, N002) и V (N002, 
N001)  – напряжение на магнитосвязанном дросселе; V (n001) – напряжение заряда АБ   
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The implementation of the SRU module based on a 
Weinberg converter with a magnetically coupled choke 
and an additional diode makes it possible to reduce the 
nominal value of the choke inductance by 2 times and the 
output capacitor (in the AB discharge mode) by 3.7 times 
compared to a two-stroke Converter with a single choke, 
subject to the condition of ensuring an equal level of 
output voltage ripples (no more than 1 %) in the matched 
converters. 

Conclusion. Nowadays, in the field of development 
and creation of high-voltage high-power SC PSS, a prom-
ising direction is the design based on combined modules 
of energy-generating equipment, in particular, taking into 
account the non-simultaneous processes of charging and 
discharging AB on the basis of combined CDR modules 
of accumulator batteries. 

The study of the processes of energy flows in the PSS 
and of the comparative analysis found that both imple-
mentations of PSS can be optimal depending on the speci-
fied cyclogram of SC load and requirements for the spe-
cific energy and the weight dimension characteristics of 
PSS, as well as, for example, according to the require-
ments of restriction of currents of charge-discharge of 
AB, etc., which affects the redistribution of energy in 
PSS. In addition, the choice of the PSS structure should 
be made subject to taking into account the specific capac-
ity of the energy-generating equipment used and the sub-
sequent calculation of the weight dimension characteris-
tics of PSS alternative options. 

Based on the results of simulation of two variants of 
implementation of CDR module of AB, it was revealed 
that both studied variants can be used in the development 
and creation of the ECE of the high-voltage power supply 
system of the spacecraft. However, the development of a 
CDR based on the Weinberg converter allows reducing 
the ratings of the used inductors and output capacitors 
under the required levels of output voltage ripples. 
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RESEARCH ON ELECTRICAL PROPERTIES OF MANGANESE SULPHIDES DOPED  

BY THULIUM AND YTTERBIUM IONS 
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Materials exhibiting connection between electrical and magnetic properties are attractive for possible use as an 

element base in microelectronics, spintronics, and sensor devices. Compounds with mixed valence exhibit a number of 
metal-insulator phase transitions, magnetic phase transitions, including changes in magnetic properties without chang-
ing magnetic symmetry. 

Promising materials for studying these effects are cation-substituted Mn1−xRexS compounds (Re = 4f elements) syn-
thesized on the basis of the antiferromagnetic semiconductor of manganese monosulfide. The latter is of practical  
importance in the development of new materials for temperature sensors, widely used in the metallurgical industry. 

The structural and electrical properties of compounds with mixed valences TmXMn1-ХS (0 ≤ X ≤ 0.15) and  
TmXMn1-ХS (0 ≤ X ≤ 0.25) were studied in the temperature range 80–1100K. The regions of existence of solid solutions 
of TmXMn1-XS sulfides with an fcc (face-centered cubic) lattice of the NaCl type were determined. It was found that con-
ductivity decreases upon the substitution of manganese cations with thulium ions and the lattice constant increases 
more sharply in comparison with Vegard’s law. When ytterbium ions are substituted, the conductivity increases with 
increasing concentration and the temperature dependence has the form typical of semiconductors. 

 
Key words: manganese sulfide, mixed valence, conductivity, X-ray diffraction analysis. 
 

ИССЛЕДОВАНИЕ ЭЛЕКТРИЧЕСКИХ СВОЙСТВ СУЛЬФИДОВ МАРГАНЦА  
ДОПИРОВАННЫХ ИОНАМИ ТУЛИЯ И ИТТЕРБИЯ 
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Материалы, обнаруживающие связь между электрическими и магнитными свойствами, являются привле-

кательными для возможного использования в качестве элементной базы в микроэлектронике, спинтронике, 
сенсорных устройствах. Соединения с переменной валентностью проявляют ряд фазовых переходов металл-
диэлектрик, магнитные фазовые переходы, включая изменения магнитных свойств без изменения магнитной 
симметрии. 

Перспективными материалами для изучения этих эффектов являются катион замещенные соединения 
Mn1−xRexS (Re = 4f элементы), синтезированные на основе антиферромагнитного полупроводника моносуль-
фида марганца. Последнее имеет практическую значимость в разработке новых материалов для датчиков 
температуры, широко используемых в металлургической отрасли. 

Проведены исследования структурных и электрических свойств соединений с переменной валентностью 
TmXMn1-ХS (0 ≤ X ≤ 0.15)и TmXMn1-ХS (0 ≤ X ≤ 0.25) в области температур 80–1100K. Определены области  
существования твердых растворов сульфидов TmХMn1-ХS с ГЦК решеткой типа NaCl. Установлено умень-
шение проводимости при замещении катионов марганца ионами тулия и более резкое увеличение постоянной 
решетки по сравнению с законом Вегарда. При замещении ионами иттербия проводимость увеличивается  
с ростом концентрации и температурная зависимость имеет вид, типичный для полупроводников. 

 
Ключевые слова: сульфид марганца, переменная валентность, проводимость, рентгеноструктурный  

анализ.  
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Introduction. Compounds containing rare-earth 
chemical elements with mixed valence such as Sm, Yb, 
Ce, Eu, Tm have a number of unique properties. Phase 
transitions of purely electronic nature and associated with 
change in the filling of 4f electronic levels [1] often occur 
in them when external conditions (temperature, pressure, 
composition) change. At the same time the magnetic 
properties also change [2–4] (localized magnetic moments 
disappear), i. e. the transitions are of the “magnetic – 
nonmagnetic” state type [5]. Change in the type of con-
ductivity from semiconductor to metal type and a signifi-
cant magnitude of magnetoresistance (of the order  
of 100 %) in the paramagnetic region at room tempera-
tures and above [6–11] is observed in manganese sulfides 
substituted by samarium [6] and gadolinium [7] ions. 

Thulium sulfide has a cubic crystalline structure with 
a lattice parameter of 5.412 Å. This compound is charac-
terized by a metallic type of conductivity at T > 100 K 
with electron concentration of about 1022 cm –3 and resis-
tivity of about 10–6 Ohm / cm at room temperature [2]. 
Thulium whose electronic configuration of the 4f – shell 
is unstable and close to a filled one, can enter the com-
pounds with other elements, be in the state of Tm2+ 4f13 
term 2F7 / 2 and Tm3 + 4f12 term 3H6. In TmS a thulium ion 
is in the trivalent state with a 4f level filling of nf = 0.65 
and the energy difference between the divalent and triva-
lent states E2+ – E3+ = 0.3 eV [12]. The proximity of the 
energies of thulium aliovalent states leads to the fact that 
TmS exhibits a condo effect in which band electrons 
group around thulium ions screening its magnetic moment 
[13]. Under the action of pressure “quasilocalized” states 
expand and pass into the conduction band, which will 
manifest itself in the form of transition to the usual metal-
lic state. This is confirmed by the baric dependence of 
thulium thermopower, which decreases under pressure to 
20 GPa, and ceases to change at higher pressures [14]. 
Pressure leads to changing magnetic characteristics and 
magnetic structure [15–18] 

Ytterbium sulfide at normal pressure is a semiconduc-
tor with a direct gap in the spectrum of electronic excita-
tions ~ 1.3 eV and an indirect gap ~ 1.0 eV between  
the fully occupied f-state and free sd-band states [19], 
which are 4 eV higher in energy than the 3 p-valence 
band of sulfur ions. Under pressure the gap monotonically 
decreases dEg / d p = −6 ± 1 eV / kbar [20], at 8 GPa the 
zones overlap and a metallic state arises [21]. At 10 GPa 
quantum resonance, that is, a superposition of f13 and f14 
states and change in valence from 2 to 4 is observed. The 
density of current carriers per an ytterbium ion is 0.4 [22] 

Materials and methods of research. The synthesis of 
Mn1-XReXS samples is described in detail in [8]. Solid 
solutions Mn1-XTmXS and Mn1-XYbXS were obtained  
by solid-phase synthesis, degrees of substitution 0.05; 
0.10; 0.15 and 0.05; 0.10; 0.15; 0.2; 0.25 respectively. 

X-ray diffraction analysis of Mn1-ХTmХS (X =  
= 0.05; 0.15) and Mn1-ХYbХS (X = 0.1; 0.2) sulfides was 
carried out on a DRON-3 installation in CuKα-radiation 
at temperature of 300 K after they were obtained and their 
transport properties were measured. X-ray diffraction 

patterns obtained after the measurements indicate that all 
the substances studied have a face-centered cubic (fcc) 
structure of the NaCl type typical of manganese monosul-
fide. 

The conductivity was measured in the temperature 
range 80–1100 K using the four-probe method. The four-
probe method for measuring electrical resistivity is the 
most common. The method is very convenient since there 
is no need to create ohmic contacts; it is possible to meas-
ure the resistivity of bulk samples of the most diverse 
shapes and sizes, as well as the resistivity of layers of 
semiconductor structures, for example, during ion implan-
tation. In this case, one condition must be fulfilled as far 
as the shape is concerned, that is, the presence of a flat 
surface whose linear dimensions exceed the linear dimen-
sions of the probe system (the distance between them). 

Four metal probes with a small contact area (fig. 1) the 
distances between which are s1, s2, s3, are placed on the 
flat surface of the sample along a straight line. Electric 
current I14 is passed through two external probes 1 and 4, 
and the potential difference U23 is measured on two inter-
nal probes 2 and 3. 

Results and discussion. X-ray diffraction patterns of 
the synthesized sulfides were obtained (fig. 2, 3). X-ray 
diffraction patterns obtained after measurements indicate 
that all the substances studied have a stable crystalline 
state up to temperatures of the order of 1100K. X-ray dif-
fraction analysis showed that the synthesized compounds 
are single-phase and have a face-centered cubic (fcc) 
structure of the NaCl type, typical of manganese mono-
sulfide. With increase in the degree of cationic substitu-
tion (X), the unit cell parameter a increases linearly, 
which indicates the formation of Mn1-XTmXS and Mn1-

XYbXS solid solutions (fig. 2, 3). Increase in the lattice 
constant, compared with linear growth according  
to Vegard’s law, is possibly associated with the localiza-
tion of electrons at the interface of manganese ions with 
substituted ones and with weak hybridization of 4f-3d 
orbitals, which is described by an exponential dependence 
on distance. 

The temperature dependence on conductivity  
was measured for the synthesized samples Mn1-ХTmХS 
(0.01 ≤ X ≤ 0.15) and Mn1-ХYbХS (0.05 ≤ Х ≤ 0.25)  
(fig. 4). The behavior of the lnσ (103 / T) dependences is 
characteristic of substances with semiconductor conduc-
tivity. Fig. 4, a shows the electrical conductivity of 
TmXMn1-XS solid solutions. A sample with a thulium sub-
stitution degree of X = 0.05 has a conductivity plateau 
from 310 to 380 K. For X = 0.1 there is an anomaly in the 
conductivity behavior from 330 to 360 K. For X = 0.15 
there is an anomaly in the conductivity behavior from  
650 K to 690 K. All of the studied samples with thulium 
are characterized by a high resistance state even at room 
temperature in comparison with the electrical resistance 
observed in manganese monosulfide [8]. Fig. 4, b shows 
the electrical conductivity of TmXYb1-XS solid solutions. 
When the temperature increases the conductivity grows 
significantly faster in the case of ytterbium than in the 
case of thulium.  
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Fig. 1. A schematic diagram of measurements using  
the four-probe method 

 
Рис. 1. Принципиальная схема измерений  

четырёхзондовым методом 
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Fig. 2. X- ray diffraction patterns of Mn1-xTmxS: 
а – X = 0.05; b – X= 0.1; с – X= 0.15 

 
Рис. 2. Рентгенограммы Mn1-xTmxS: 
а – X = 0,05; b – X = 0,1; с – X = 0,15 
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Fig. 3. X- ray diffraction patterns of Mn1-xYbxS:  
а – X= 0.1; b – X= 0.2 

 
Рис. 3. Рентгенограммы Mn1-xYbxS:  

a – X= 0,1; b – X= 0,2 
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Fig. 4. Temperature dependence on conductivity: 

a – Mn1-ХTmХS (0.05 ≤ Х ≤ 0.15); b – Mn1-ХYbХS (0.05 ≤ Х ≤ 0.25) 
 

Рис. 4. Зависимость проводимости от температуры: 
a – Mn1-ХTmХS (0,05 ≤ Х ≤ 0,15); b – Mn1-ХYbХS (0,05 ≤ Х ≤ 0,25) 

 
 
The dependences of the conductivity on the substitu-

tion concentration of thulium and ytterbium ions at room 
temperature are shown in fig. 5. With increase in the de-
gree of samples doping with thulium the conductivity 
decreases (fig. 5, a), and when doping with ytterbium a 
similar conductivity behavior occurs, but there is a section 
in the concentration range from X = 0.1 to X = 0.2 in 
which, on the contrary, growth is observed. In general, 
there is a nontrivial picture that is different from the be-
havior of impurity semiconductors, in which substitution 
with an alloying element increases the concentration of 
charge carriers and, as a result, the conductivity. 

This behavior can be explained by the fact that an yt-
terbium ion is trivalent and, when a divalent manganese 
ion is substituted in a solid solution, both electrons and 
holes are formed by non-stoichiometry of the obtained 
samples. With increase in the substitution concentration, 
electrons and holes accumulate at intercrystalline bounda-
ries and form a carrier-depleted layer similar to the p-n 
junction. Substitution with ytterbium ions leads to the 
formation of holes in the cationic subsystem; as a result, 
the conductivity decreases sharply compared to manga-
nese sulfide. As the concentration of hole current carriers 
increases, the conductivity increases (fig. 5, b). 
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Fig. 5. Dependence of conductivity on the temperature of samples Mn1-ХYbХS (0.05 ≤ Х ≤ 0.25) 
 

Рис. 5. Зависимость проводимости от температуры образцов Mn1-ХYbХS (0,05 ≤ Х ≤ 0,25) 
 

 
Conclusion. X-ray diffraction analysis of solid solu-

tions of manganese sulfides substituted by rare-earth ions 
of thulium and ytterbium was carried out. It was found 
that the synthesized compounds are single-phase ones and 
have a face-centered cubic (fcc) structure. There is in-
crease in the unit cell when substituted by thulium and 
ytterbium.  

Decrease in the conductivity upon substitution with 
thulium and increase in the conductivity of solid solutions 
upon substitution with ytterbium were found. The tem-
perature dependence of substituted sulfides has a semi-
conductor form. The concentration dependence of the 
conductivity for Mn1-XTmXS is explained by the forma-
tion of a space charge at the boundaries of intercrystalline 
grains. 
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THE INFLUENCE OF PREFINISHING OPERATIONS AT TITANIUM ALLOYS  
ON THE CHARACTERISTICS OF MAO COATINGS 
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Improving the reliability, service life and operational safety of titanium alloy structures exposed to thermal, chemi-

cal and mechanical stresses can be achieved by applying various protective coatings. 
One of the effective methods of protecting such alloys is the formation on their surface of oxide coatings that are re-

sistant to external factors. Of great interest from this point of view is the method of micro-arc oxidation (MAO), which 
allows one to obtain multifunctional ceramic-like oxide coatings with unique properties. Such coatings can be used to 
create a durable heat and electrical insulating layer on parts, protect surfaces from erosion in high-speed gas flows, 
corrosion in aggressive environments and wear by friction, to increase the surface emissivity, etc. 

This method is well established for the oxidation of aluminum alloys. Despite the fact that the mechanism of coating 
formation during MAO is the same for aluminum and titanium alloys, there are certain differences in the structure and 
characteristics of the resulting coating. For example, it is believed that during the MAO treatment of aluminum alloys, 
preliminary surface preparation is not required and the adhesive strength is comparable with the strength of the sub-
strate material. However, when processing titanium alloys, we noted cases of a significant decrease in adhesive 
strength. One of the reasons may be the lack of preliminary surface preparation before coating. 

Therefore, studies aimed at studying the influence of the method of surface preparation and the resulting roughness 
on the characteristics of the applied coatings are relevant. 

 
Keywords: micro-arc oxidation, titanium alloys, surface preparation, thickness, adhesive strength, roughness. 
 
 

ВЛИЯНИЕ ПРЕДВАРИТЕЛЬНОЙ ПОДГОТОВКИ ПОВЕРХНОСТИ 
ТИТАНОВЫХ СПЛАВОВ НА ХАРАКТЕРИСТИКИ МДО ПОКРЫТИЙ 
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Повышение надежности, ресурса работы и безопасности эксплуатации конструкций из титановых спла-

вов, подвергающихся воздействию тепловых, химических и механических нагрузок, можно добиться нанесени-
ем различных защитных покрытий. 

Одним из эффективных методов защиты таких сплавов является образование на их поверхности устойчи-
вых против воздействия внешних факторов оксидных покрытий. Большой интерес с этой точки зрения пред-
ставляет метод микродугового оксидирования (МДО), позволяющий получать многофункциональные керами-
коподобные оксидные покрытия с уникальными свойствами. Такие покрытия могут применяться для создания 
на деталях прочного тепло- и электроизолирующего слоя, защиты поверхностей от эрозии в высокоскорост-
ных газовых потоках, коррозии в агрессивных средах и износа трением, для повышения коэффициента излуче-
ния поверхности и т. п. 

Этот метод хорошо отработан для оксидирования алюминиевых сплавов.  Несмотря на то, что механизм 
образования покрытий при МДО для алюминиевых и титановых сплавов одинаков, существуют определенные 
различия в структуре и характеристиках полученного покрытия. Например, считается, что при обработке 
МДО алюминиевых сплавов не требуется предварительная подготовка поверхности и адгезионная прочность 
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сопоставима с прочностью материала подложки. Однако при обработке титановых сплавов нами были от-
мечены случаи значительного снижения адгезионной прочности. Одной из причин может быть отсутствие 
предварительной подготовки поверхности перед нанесением покрытий. 

Поэтому исследования направленные на изучение влияния способа подготовки поверхности и полученной 
шероховатости на характеристики нанесенных покрытий  являются актуальными. 

 
Ключевые слова: микродуговое оксидирование, титановые сплавы, подготовка поверхности, толщина, ад-

гезионная прочность, шероховатость. 
 
Introduction. The composition, concentration of elec-

trolyte components and the duration of MAO have a ma-
jor effect on the characteristics of oxide layers. The es-
sence of MAO is that under the influence of electric cur-
rent applied between the part located in the electrolyte 
and the metal cathode (electrolytic cell body or electrode), 
migrating point micro-arc discharges (MAD) arise on its 
surface, from the effect of which a ceramic coating  
is formed on the surface [1–7]. The electrolyte composi-
tion for MAO is selected based on the chemical composi-
tion of the hardened valve alloy and the function  
of the coating. 

In the MAO process, diffusion, thermal, plasmo-
chemical and electrophysical processes play a significant 
role. Conventionally, these processes can be divided into 
several stages, which proceed sequentially or in parallel: 

1) chemical interaction between the base material and 
the forming coating with the electrolyte; 

2) electrochemical processes that occur both before 
ignition of an electric discharge and after its ignition in 
areas of the treated surface where there is currently no 
discharge (anodization in aqueous solutions of electro-
lytes and electrolysis); 

3) in fact, micro-arc oxidation, which includes the 
short initial stages of luminescence and sparking and then 
the main stage of MAD combustion; 

4) transition of a micro-arc discharge in an arc dis-
charge after the formation of an MAO coating of a certain 
thickness. 

The voltage at which sparking begins in the electrolyte 
depends on the composition of the material being proc-
essed and the electrolyte. At a small coating thickness, 
due to the large heat removal, a spark discharge is ob-
served, which with an increase in the film thickness trans-
forms into MAD, and at large thicknesses it transforms 
into an arc [8–10]. 

It is reputed that a necessary condition for the occur-
rence of an electric discharge in an electrolyte is the pres-
ence of a gas or vapor-gas layer between the electrolyte 
and the base metal. Apparently, the discharge during 
MAO is gas and arises as a result of electric breakdown  
of vapor-gas “plugs” formed in micro-pores of a porous 
oxide layer growing on the barrier layer. These plugs  
are formed during electrolysis processes of the discharge 
of H + or OH– ions and boiling of electrolyte in pore 
channels [11]. 

It is generally thought that during MAO treatment of 
aluminum alloys, preliminary surface preparation is not 
required and the adhesive strength is comparable with the 
strength of the substrate material. However, when proc-
essing titanium alloys, we noted cases of a significant 
decrease in adhesive strength. One of the reasons may be 
the lack of preliminary surface preparation before coating. 

Therefore, there is a need to study the effect of prelimi-
nary surface preparation on the characteristics of coatings. 

Surface preparation can be carried out in many ways, 
such as: grinding, matting, polishing, tumbling, vibration 
processing, blast-abrasive treatment, degreasing, etching, 
activation. 

MAO coatings are ceramics of complex composition 
[12–16]. The coating during micro-arc oxidation is 
formed due to the oxidation of the metal surface and ox-
ide and hydroxide forms of this metal are formed. On the 
other hand, the coating grows due to the inclusion of elec-
trolyte cells in its composition. Electrolyte elements enter 
the coating in the form of salts, oxides and hydroxides of 
complex composition. If necessary, the MAO technology 
allows you to enter into the coating any desired chemical 
element. 

The main characteristics of the resulting coatings in-
clude the following parameters: adhesion, coating thick-
ness, porosity, wear resistance, etc. 

Experimental procedure. VT 6/ВТ 6 titanium alloy 
with a thickness of 3 mm, dimensions 50 × 40 mm was 
used for the manufacture of samples. The composition 
and characteristics of VT 6/ВТ 6 are presented in tab. 1. 
When choosing the material, it was assumed that this al-
loy is widely used for the manufacture of a significant 
range of parts in mechanical engineering, the manufacture 
of aircraft and spacecraft, fasteners and threaded  
parts, etc.  

As already mentioned above, the speciation, the con-
centration of electrolyte components, and the duration of 
MAO have the greatest effect on the adhesion, thickness, 
structure and phase composition of oxide layers. The ef-
fect of surface pretreatment on the characteristics of the 
applied coatings is not well investigated. 

Preliminary experimental studies were carried out to 
select the modes of MAO treatment. The samples were 
processed in an experimental MAO installation operating 
on a three-phase alternating current network of 380 V  
and a frequency of 50 Hz. The current source was the  
IAT-T2/ИАТ-Т2 transformer (asymmetric current source). 

As a result of a literature review and scientific patent 
search, several electrolyte compositions of interest to us 
were identified [17–19]. The formation of oxide coatings 
on products from titanium-based alloys was carried out in 
solutions of sodium hydrogen phosphate and sodium sili-
cate with the addition of potassium hydroxide, which 
were prepared by dissolving the calculated amount of 
chemical reagents in distilled water (tab. 2). 

During the experiment it was found that with an in-
crease in the ratio of the cathodic and anodic components 
of the current strength, the thickness of the oxide layer 
decreases (fig. 1) and the adhesive strength of the coating 
increases (fig. 2).  
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Table 1 
VT 6/ВТ 6 speciation and characteristics 

 

Grade  VT  6/ВТ 6 

Classification: titanium wrought alloy 

Chemical composition in % for grade VT1-0/ВТ1-0 GOST 19807–91 

Fe  C  Si  V  N  Ti  Al  Zr  O  H  Impurities  

to 
0.6 

to 0.1 to 0.1 3.5–5.3 to 0.05 86.45–90.9 5.3–6.8 to 0.3 to 0.2 to 0.015 others 0.3 

VT 6/ВТ 6 hardness after quenching and aging HB 10–1 = 293–361 MPa 

VT 6/ВТ 6 hardness after annealing HB 10–1 = 255–341 MPa 

 
 
 

Table 2 
The speciation and concentration of electrolytes, processing modes 

 

Number of 
electrolyte 

Speciation of 
electrolyte 

Concentration, g/l Alloy The ratio of the cathode 
and anodic components of 

the current (Iк/Iа) 

Current density, 
j A/dm2 

1  Na2HPO4  60  

KOH  30  2 

Na2SiO3  50  

VT 6/ВТ 6 0,8; 1; 1,2 20, 30 

 
 
 

0,8 1
22

24

28

30

26

32

34

36

38

1,2 Ik/Ia

h
, м

к
м

*

*

*

*
*

*

*

*

*

*

*

 
KOH + Na2SiO3, j = 20 A/dm2 

 Na2HPO4, j =20 A/dm2 
 KOH + Na2SiO3, j =30 A/dm2 

 Na2HPO2, j =30 A/dm2 
 

Fig. 1. Dependence of the coating thickness on the ratio of the cathode 
and anode component of the current 

 
Рис. 1. Зависимость толщины покрытия от отношения катодной  

и анодной составляющей силы тока 
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 Na2HPO4, j =20 A/dm2 
 KOH + Na2SiO3, j = 20 A/dm2 

 Na2HPO2, j =30 A/dm2 
 KOH + Na2SiO3, j =30 A/dm2 

 
Fig. 2. Test results for adhesive strength of the coating 

 
Рис. 2. Результаты испытаний на адгезионную  

прочность покрытия 
 
 

Table 3 
MAO processing mode 

 

Parameter  Notation  Value  
Run time t  10  min  
Current density J 20 A/dm2 
The ratio of the cathode and anodic component of the current Ik/Ia  1.2  

Iк, – 5.2 
Current 

Iа, + 4.4 
№ 1 Na2HPO4 

KOH Electrolyte compositions 
№ 2 

Na2SiO3 
 

 
It  was also revealed that when processing with a cur-

rent  density  of  J  =  30  A/dm2  in  the  aqueous  Na2HPO4 
solution, the samples burn up, and in the silicate-alkaline 
electrolyte (KOH + Na2SiO3) the solution boils. Based on 
this,  a  further  mode  of  MAO  processing  was  selected,  
which is presented in tab. 3. 

A  methodology  for  conducting  experimental  studies  
was  developed  to  determine  the  dependence  of  coating  
properties on preliminary surface preparation.  

As a method of surface preparation, the machining of 
samples on sanding paper of various grit  sizes used on a 
Struers  LaboPol-1  grinding and polishing machine and a  
sandblasting machine with corundum was chosen.  

Acetone (GOST 2768–84) was used for degreasing. 
As a result,  the roughness data of the processed sam-

ples were obtained, presented in tab. 4 and in fig. 3 and 4. 
Roughness  measurement  was  carried  out  with  a  TR110  

profilometer,  which  meets  the  requirements  of  ISO  and  
DIN standards. 

The  prepared  samples  were  coated  with  MAO  coat-
ings.  The  thickness  of  the  resulting  coating  was  deter-
mined  using  a  TT-260  thickness  gauge  according  to  
GOST 9.302.  Ten measurements were performed on one 
sample.  The  value  of  the  coating  thickness  was  deter-
mined as the arithmetic mean between ten measurements 
on a segment of 5 mm in one sample. The relative error of 
the method is ± 0.8 μm for coatings up to 25 μm and 10 % 
for  coatings  with  a  thickness  exceeding  25  μm  (tab.  5,   
fig.  5,  6).  The  results  of  measurements  of  the  thickness   
of the coatings are presented in tab. 5 and fig. 5, 6. 

The graphs show that in the overall picture, with a de-
crease  in  surface  roughness,  the  coating  thickness  in-
creases.  This  can  be  explained  by  the  fact  that  with  an  
increase in surface cleanliness, the time to reach the MAO 
treatment mode decreases.  
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Table 4 
Surface preparation and sample roughness 

 

Number  
of sample 

Process Grain size, microns Ra, microns Roughness grade 

1.1 Degrease cleansing treatment - 1.02 7 
1.2 Р80 200…250 0.8 7 

1.3 Р180 63…80 0.675 7 
1.4 Р320 40…50 0.505 8 
1.5 Р600 20…28 0.28 9 
1.6 Р1000 14…20 0.21 9 
1.7 Р1500 7…10 0.175 10 

1.8 Р2500 3…5 0.135 10 
1.9 Sandblasting (corundum) 100…150 5.64 4 

 
 

 
 

Fig. 3. Appearance of the surface of the processed samples 
 

Рис. 3. Внешний вид поверхности обработанных образцов 
 
 
 

 
 

Fig. 4. Surface roughness of samples 
 

Рис. 4. Шероховатость поверхности образцов 
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Table 5 
Coating thickness 

 

Phosphate electrolyte (Na2HPO4) 

Number of sample 
and roughness 

(Ra, μm) 

1.1 
(Ra = 1.02) 

1.2 
(Ra = 0.8) 

1.3 
(Ra = 0.675)

1.4 
(Ra = 0.505)

1.5 
(Ra = 0.28)

1.6 
(Ra = 0.21)

1.7 
(Ra = 0.175) 

1.8 
(Ra = 0.135) 

1.9 
(Ra = 5.64) 

h, μm 27.77 28.86 28.36 28.85 28.8 28.45 29.37 30.16 31.73 

Silicate-alkaline electrolyte (KOH+Na2SiO3) 

Number of sample 
and roughness 

(Ra, μm) 

2.1 
(Ra = 1.02) 

2.2 
(Ra = 0.8) 

2.3 
(Ra = 0.675)

2.4 
(Ra = 0.505)

2.5 
(Ra = 0.28)

2.6 
(Ra = 0.21)

2.7 
(Ra = 0.175) 

2.8 
(Ra = 0.135) 

2.9 
(Ra = 5.64) 

h, μm 20.01 30.45 31.45 31.78 32.1 32.32 32.24 32.47 21.38 

 
 

 
 

Fig. 5. Roughness dependence of the thickness of coatings obtained 
in an aqueous solution of Na2HPO4 

 
Рис. 5. Зависимость толщины покрытий, полученных в водном растворе Na2HPO4, 

от шероховатости 
 

 
 

Fig. 6. Roughness dependence of the thickness of coatings obtained 
in an aqueous solution of KOH + Na2SiO3 

 
Рис. 6. Зависимость толщины покрытий, полученных в водном растворе KOH+Na2SiO3 

от шероховатости 
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Determination of adhesive strength. The adhesion 
strength was determined by the separation method accord-
ing to GOST 209–75 [20] (adhesive method, VK-3/ ВК-3 
glue) as the ratio of the force (up to 10 kN) at which sepa-
ration occurs from the counter sample glued with an oxide 
coating to the cross-sectional area (4 9 cm2). 

To measure the adhesion strength of the coating on  
a EUROTEST T-50 tensile testing machine (fig. 7) sus-
pension equipment was developed and manufactured, as 
shown in fig. 8. 

Fig. 9 shows the results of the dependence of the ad-
hesion strength of coatings to the base obtained in the 
Na2HPO4 electrolyte with various pretreatment methods. 
The adhesion strength of the coating on the sample with 
Ra = 5.64 μm prepared by the sand blasting device turned 

out to be maximum, but crack occurred in gluing area,  
i. e. true strength is not established. The remaining  
samples had a separation of the coating from the base. 
Coating adhesion decreases with a decrease in surface 
roughness. 

Fig. 10 shows the results of the dependence of the ad-
hesion strength of the coatings to the base obtained in the 
KOH + KOH+Na2SiO3 electrolyte with various pretreat-
ment methods. In all samples, crack occurred in gluing 
area.  

It is related to the fact that adhesive strength  
VK 3/ВК 3 = 40 kg/cm2, and the experimental sample 
area is S = 2 cm2, based on this, the adhesion of the coat-
ing to the sample does not exceed 80 kg/cm2, which cor-
responds to the adhesive strength. 

 
 

 
 

Fig. 7. Bursting machine EUROTEST T-50 
 

Рис. 7. Разрывная машина EUROTEST T-50 
 
 

……  
 

Fig. 8. 3D model of bolt clamp 
 

Рис. 8. 3D модель зажима болтового 
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Fig. 9. Roughness dependence of the adhesion strength of coatings 
with a base obtained in Na2HPO4 electrolyte 

 
Рис. 9. Зависимость адгезионной прочности покрытий с основой,  

полученных в электролите Na2HPO4, от шероховатости 
 
 

 
 

Fig. 10. Roughness dependence of the adhesion strength of coatings 
with a base obtained in KOH+Na2SiO3 electrolyte 

 
Рис. 10. Зависимость адгезионной прочности покрытий с основой, полученных  

в электролите KOH+Na2SiO3, от шероховатости 

 
 
The data obtained show that the adhesion strength  

of coatings to the base obtained in the KOH+Na2SiO3 
electrolyte exceeds the strength of VK 3/ВК 3 glue. 
Therefore, to determine the actual adhesion strength, it is 
necessary to conduct additional studies using a higher-
strength adhesive or other methods of measuring adhesive 
strength. 

Conclusion. By a process of the conducted work,  
it was found that preliminary surface preparation of tita-
nium alloys affects the characteristics of MAO coatings. 

Based on the results obtained, it was concluded that in 
order to achieve the highest adhesive strength of the coat-
ing, it is necessary to perform MAO treatment at a ratio of 

Ik / Ia = 1,2 and at Ik / Ia = 0,8 to obtain the maximum coat-
ing thickness.  

Preliminary surface preparation affects the thickness 
and adhesive strength of coatings. With increase in 
roughness the adhesive strength increases and the thick-
ness of the coating decreases. 

Furthermore, based on the results obtained when 
measuring the adhesion strength of coatings with a base 
obtained in KOH+Na2SiO3 electrolyte using VK 3/ ВК 3 
glue, the true strength has not been established. Therefore, 
it is necessary to conduct additional studies using a 
higher-strength adhesive or another method of measuring 
adhesive strength. 
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PECULIAR PROPERTIES OF TECHNOLOGICAL IMPROVEMENT AND OPTIMIZATION  

OF PRODUCTION COSTS OF 3D- CONFIGURATION PIPES 
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The analyzes of the requirements to 3D configuration pipelines production at the rocket and space industry enter-

prises is done. A review of different approaches to pipe bending technology (with heat treatment and without heat 
treatment) is carried out. The object of the study is the bending process and a universal bending machine for pipelines’ 
production of complex configuration. The article is divided into four sections, which consider the key factors, causing 
directly the effectiveness of the technological operation of pipeline bending of a complex 3D trajectory. An overview of 
no-temperature shaping of the pipeline is given in the first section. The requirements to the technology, excluding: cor-
rugation, flattening, stretching and thinning of pipeline walls during their bending, are considered. The actual regula-
tory documents and industry aerospace standards, regulating production of pneumatic and hydraulic pipelines are 
given. An example of calculating the minimal allowable bend radius of the pipe, depending on the diameter and thick-
ness of the pipe wall, is given. The requirements to unification of the pipe size production and gaps are listed. The de-
pendence of the maximal allowable internal pressure in the pipeline is shown. The requirements to equipment, used in 
pipeline bending and to the design of the pipe bending machine are considered. In the second section, the possibilities 
of temperature influence on the pipe bending process are viewed. The analysis of patent and technical literature and six 
possible methods of effective thermal effects are presented: heating of the whole pipeline length, narrow zone heating  
of the bend pipe place, water cooling with nitrogen in the pipe, laser-cooling of atoms of the pipes, application of the 
petroleum products on the place of heating of the pipe and using of modern fillers inside the pipe to change its tempera-
ture. In the third section the tasks of the development of a universal bending machine are set; the system of the algo-
rithm of the universal bending machine operation is considered; the system of algorithm of the bending machine operat-
ing with CNC is shown. The General functional scheme of the bending machine and the sequence diagram of the 
equipment operation is given. 

 
Keywords: pipe bending, requirements to 3D configuration pipe bending, universal bending machine, technology of 

pipe bending, influence of temperature on the process of pipe bending. 
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И ОПТИМИЗАЦИИ ЗАТРАТ ПРОИЗВОДСТВА 3D-КОНФИГУРАЦИИ ТРУБ 

 
С. В. Титенков1, В. Ю. Журавлев2* 

 
1АО «Красноярский машиностроительный завод» 

Российская Федерация, 660123, г. Красноярск, просп. им. газ. «Красноярский рабочий», 29 
2Сибирский государственный университет науки и технологий имени академика М. Ф. Решетнева 

Российская Федерация, 660037, г. Красноярск, просп. им. газ. «Красноярский рабочий», 31 
*E-mail: VZ@sibsau.ru 

 
В работе сделан анализ требований, предъявляемых к изготовлению трубопроводов 3D конфигурации на 

предприятии в ракетно-космической отрасли. Проведён обзор разных подходов к технологии гибки труб –  
с термообработкой и без термообработки. Объектом исследования является процесс гибки и универсальный 
гибочный агрегат изготовления трубопроводов сложной конфигурации. Статья разделена на четыре раздела, 
в которых рассмотрены ключевые факторы, непосредственно влияющие на успешность проведения техноло-
гической операции гибки трубопровода сложной 3D траектории. Приведён обзор безтемпературного формо-
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образования трубопровода. Рассматриваются требования к технологии, исключающей гофрообразование, 
сплющивание, растяжение и утонение стенок трубопроводов при их гибе. Указаны действующие норматив-
ные документы и отраслевые аэрокосмические стандарты, регламентирующие изготовление пневмогидравли-
ческих трубопроводов. Приведён пример расчёта минимально допускаемого радиуса гиба трубы, зависящего 
от диаметра и толщины стенки трубы. Перечислены требования унификации размеров изготовления труб  
и требования к зазорам. Получена зависимость максимально допустимого внутреннего давления в трубопро-
воде. Рассмотрены требования к оснастке, применяемой в гибе трубопроводов. Перечислены требования  
к проектированию агрегата гибки труб. Во втором разделе рассмотрены возможности температурного воз-
действия на процесс гибки трубы. Представлен анализ патентной и технической литературы и описаны 
шесть возможных методов эффективного температурного воздействия: нагрев всего трубопровода, узкозо-
нальный нагрев места гиба на трубе, охлаждение азотом воды в трубе, лазерное охлаждение атомов трубы, 
нанесение смазок из нефтепродуктов на место нагрева на трубе и использование современных наполнителей 
внутри трубы изменяющих её температуру. В третьем разделе определены задачи, поставленные для разра-
ботки универсального гибочного аппарата, сформулированы требования к управляющей программе и устрой-
ству шкафа автоматики универсального гибочного аппарата, рассмотрена система алгоритма работы ги-
бочного станка с ЧПУ. Показана общая функциональная схема работы агрегата гиба и циклограмма очерёд-
ности работы оборудования. 

 
Ключевые слова: гибка трубы, требования к гибке труб 3D конфигурации, универсальный гибочный аппа-

рат, технология гибки труб, влияние температуры на процесс гибки труб. 
 
Introduction. The effectiveness of the process of 

technological development of production: large-size 
bench and frame structures, on which units are attached; 
elements of reinforcing structures – stiffeners and auxil-
iary fastening elements; pipes, intended for the transfer of 
any material resource (water, air, gas, fuel), and the pro-
duction of electronic automation, high-tech mechanical 
aggregate elements and General Assembly depend on the 
created structure and model of functioning, as well as on 
the presence of a mechanism for self-regulating techno-
logical development. 

New technological capabilities expand the space for 
implementing design innovations (in particular, manu-
facturing pipelines of a new, more complex configura-
tion, etc.) and allow to solve economic problems – the 
production of more modern components of products 
with the required quality, reliability, service life and 
competitive cost. 

Overview of the no-temperature pipeline forming 
method. The process of bending the pipeline can lead to 
corrugation on the part of the inner diameter of the bend, 
as well as to flattening, stretching and thinning of the 
outer wall of the pipe bend [1–5]. This factor is especially 
important if thin-walled pipelines with a thickness  
of 1–2 mm are subjected to bending. In this case determi-
nation of the minimal required wall thickness, which en-
sures transfer of the energy medium in the desired aggre-
gate state and with the specified pressure, comes to the 
foreground during the pipe bending process. 

In each industry, depending on the degree of signifi-
cance and operating conditions of pipelines, the require-
ments for the minimal allowable bending radius are set, in 
case of violation of which critical deformation and rupture 
of the pipe wall may occur [6]. 

In the rocket and space industry, the production of 
pneumatic-hydraulic pipelines and assemblies is regulated 
by industry standards: OST 92-1600–84 ÷ OST 92-1604–84 
[7–13]. 

OST 92-8536 should be followed when designing and 
manufacturing pipelines for stand equipment. The produc-
tion of a particularly important product can be accompa-

nied by a specially developed normative document of 
technical requirements (TR). 

The design documentation (DD) for both pipelines 
and bending unit must be developed in accordance with 
the requirements for ensuring manufacturability of the 
product design, taking into consideration the following 
factors: 

1. Availability of the materials given in the specifica-
tion. 

2. Maximum possible application of standardized 
parts. 

3. To minimize the number (to standardize) the bend 
radius of the pipe. 

4. Make the most of all-stamped pipe fittings instead 
of welded ones. 

5. Make the most of use of drop-off ends on the ends 
of pipelines instead of turned ones made of bar. 

6. Maximum use of compensators according  
to OST 92-4903, bellows or other compensating elements 
in pipeline systems, which take into account the effect of 
temperature fluctuations on the product. 

7. Availability of x-ray inspection of the bending area, 
welded and soldered joints. 

8. It is recommended to set bends in the CD with  
a single radius and without double curvature within a sin-
gle bend. 

9. All dimensions, defining spatial configuration, 
geometric cross-section dimensions, bending radius, 
length of straight sections, bending and turning angles 
must be specified in the pipeline CD or in the drawing TT 
it is required to indicate manufacturing of the pipeline 
according to the reference sample (OST 92-0191 and  
OST 92-1600). 

10. Location of pipelines on the products should allow 
access to them for installation and dismantling works. 

11. Straight part of the pipe length (for drop – off end-
ing- shaping of the tip) from the end of the pipeline to 
bending is not to be less than 60 mm (except the weld or 
solder lugs, for which a straight length is regulated by 
ability to install the weld head on OST 92-1602 or solder-
ing device according to OST 92-1603). 
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12. Straight part of the pipe length (no winglets on the 
ends) from the end of the pipeline to bending: for pipes 
with nominal diameters up to 20mm – not less than 
10mm; for tube with internal diameter more than 20 mm 
up to 50 mm – not less 50 mm; for pipes with internal 
diameter more than 50 mm – not less than 100 mm (para-
graph 3.3.2 OST 92-8751–80). 

13. Between the curves there should be straight runs 
not less than 2 x of the external diameter of the pipe, in 
this case there may be a straight section between bends in 
the pipe less than 2D, if it is ensured by the technical  
capabilities of pipe bending equipment at the plant  
(OST 92-1600–84). 

14. Thinning of the walls in places, where pipes bend 
(fig. 1) and transitions of curved sections to straight sec-
tions should not exceed the initial wall thickness: for steel 
pipes – 20 %; for titanium and copper alloy pipes – 20%; 
for aluminum alloy pipes – 25 % (point 6.1.7  
OST 92-1600–84). 

For sections of pipes subjected to maximum load dur-
ing frequent exploitation, this refinement index for all 
materials should not exceed 10 % (paragraph 3.3.3  
of OST 92-8751–80). 

15. The ovality of pipes in the places of bend is the 
amount, defined as the difference between the greatest 
and the least diameters divided in half, which is to be: for 
pipes of nominal sizes up to 10 mm – not more than  
0.5 mm; for pipes with internal diameters from 10mm up 
to 30 mm – not more than 1 mm; for pipes with internal 
diameters from 30mm to 90 mm – not more than 2 mm; 
for pipes with internal diameters of more than 90 mm  
not more than 3mm. 

16. During the development of Assembly drawings 
and layout, it is necessary to provide gaps of at least  
5 mm between adjacent pipelines, as well as between 
pipelines and other structural elements. In places where, 
because of structural or technological need, it is necessary 
to reduce the gap between pipelines and structural ele-
ments, its minimal allowable value must be specified in 
the CD, TT or TU. 

17. Minimal bending radius for pipes of different di-
ameters and with different wall thicknesses along the 
middle line (fig. 1), both for cold bending and for bending 
with heating must be not less the values shown in fig. 2. 
At the request of operational decision-making of minimal  
bending radius, without calculation, it is allowed to use 
paragraph 3.3.1 OST 92-8751–80, according to which the 
minimum bending radius (at the average diameter of the 
pipe) for pipes with internal diameters of up to 20mm 
should be at least 2.5 Dy, and for pipes with internal  
diameters more than 20 mm – not less than 3.5 Dy,  
it is allowed to use pipe bends with a bending  
radius in the single internal diameter, if the radius  
is obtained by stamping, pulling, or by specially tested 
bending. 

In fig. 1 and 2 the following notations are accepted: 
Rср is the bend radius along the middle line; S – is wall 
thickness of the pipe; D – is the outside diameter of the 
pipeline. 

The sequence of calculating the minimal allowable ra-
dius of cold bending along the middle line of three pipe-
lines: Ø8 × 1; Ø34 × 1 and Ø75 × 1.5. 

First, the S/D value on the vertical axis of the diagram 
in fig. 1 is defined. 

For the first pipeline: 1 0.1258
S

D   . 

For the second pipeline:  1 0.02934
S

D   . 

For the third pipeline: 1.5 0.02075
S

D   . 

Then, using the values obtained on the vertical axis of 
the diagram in fig. 1, through the line “a”, the value “x” is 
determined on the horizontal axis of the diagram, fol-
lowed by calculating the minimal allowable radius of cold 
bending along the middle line: 

for the first pipeline: 2.5; x   

m
mx =   2,5 8 mm 20 mmR R x DD       ; 

for the second pipeline: 3.5;x   

m
mx=    3,5 34 mm 119 mmR R x DD       ; 

for the first pipeline: 4.7;x   

m
mx=    4,7 75 mm 352 mmR R x DD       . 

After bending a pipeline with a wall thickness of at 
least 1.5 mm, when burrs are formed inside the pipeline, 
their electrochemical removal is allowed with a simulta-
neous increase in the internal diameter of the pipe of not 
more than 0.2 mm above the maximal error of the internal 
diameter and at a length of not more than 4 mm in the 
cleaning zone, ensuring the required roughness value. 

18. The height of the corrugations at the bend of the 
pipe (see fig. 1) must not exceed the values: for pipes with 
a conditional passage up to 30 mm – no more than  
0.3 mm; for pipes with a conditional passage over 30  
to 50 mm – not more than 0.5 mm; for pipes with a condi-
tional passage over 50 mm – not more than 1mm. At the 
same time, corrugations and dents should have smooth 
transitions without breaks and tears, and the dimensions 
of the outer diameter in the places of corrugations should 
not exceed the permissible ovality (paragraph 6.1.10  
OST 92-1600–84). 

19. Pipe bending should be carried out from pre-
formed pipes that have sufficient technological allowance 
along the length. The value of technological allowances, 
depending on the bending methods, must comply with the 
standards of OST 92–9346. 

20. For steel pipe the gap between the flexible man-
drel and the inner diameter of the pipe should be selected: 
for pipe with external diameter up to 20–0.2 to 0.4 mm; 
for pipes with outer diameter from 23 to 35 mm from  
0.3 to 0.5 mm; for pipes with outer diameter from 36 mm 
to 40mm from 0.4 to 0.6 mm; for pipes with outer diame-
ter from 41 to 100 mm from 0.6 to 1.0 mm. For aluminum 
pipes and pipes made of aluminum alloys: for pipes with 
an outer diameter of up to 40 from 0.5 mm to 0.6 mm;  
for pipes with an outer diameter of 40 to 100 mm – from 
0.6 to 1.0 mm. 

21. The radius of the pipe bending equipment (rollers, 
clamps, bending mandrel) must be less than the radius  
of the pipe bending by the amount of spring of the pipe 
material. 

22. Flexible mandrels should be made of materials 
that can withstand high pressure, with a small friction 



 
 
 

Сибирский журнал науки и технологий.  Том 21,  № 1 
 

 128

coefficient for the pipe material with high resistance to 
abrasion, eliminating the possibility of contamination of 
flexible pipe, preventing formation of scratches and «na-
dirov» on the inner surface of the pipe, eliminating the 

thinning of pipe wall (e. g. steel, fiberglass plastics, texto-
lite, nylon, etc.). There is an example of chrome plating 
and polishing of steel flexible mandrels with a surface 
layer hardness of 52÷58 HRCЭ.  

 
 

 
 

Fig. 1. Section of the projection of the bending in the mandrel 
 

Рис. 1. Сечение проекции гиба трубопровода в дорне 
 
 

 
 

Fig. 2. Diagram of the minimal radiuses of a bend of pipelines: 
a – for cold bending; b – for bending with heating 

 
Рис. 2.  Диаграмма минимальных радиусов изгиба трубопроводов: 

а – для холодной гибки; b – для гибки с нагревом 

0,01 

0,02 

0,03 

0,04 

0,05 

0,06 

0,07 

0,08 

0,09 

0,10 

0,11 

1 2 3 4 5 6 7 8 9 10 

S/D 

Rср/D

a

б



 
 
 

Технологические процессы и материалы 
 

 129

Working pressure of the substance in steel pipe 
 

Dу, 
mm 

Pipe size, 
mm 

Working pres-
sure, MPa 

Allowable internal 
pressure, MPa 

Dу, 
mm 

Pipe size, 
mm 

Allowable internal 
pressure, MPa 

Allowable internal 
pressure, MPa 

4 6×1 56×3 0…9.8 13.5 
6 9×1.5 

0…39.2 47 
60×5 9.8…19.6 22.3 

10 14×2 0…39.2 39.6 
50 

65×8,5 19.6…39.2 39.2 
24×2 0…19.6 19.8 85×3 0…2.5 8.8 

20 
28×4 19.6…39.2 40.5 89×4.5 2.5…9.8 13.3 
36×2 0…9.8 14 

80 
95×7.5 9.8…19.6 21.8 

38×3 9.8…19.6 20.5 110×5 2.5…9.8 11.8 32 
42×6 19.6…39.2 40.8 

100 
120×10 9.8…19.6 23 

 
 

23. The allowable internal pressure in the pipe is de-
termined by the formula: 

 
 

2 / 2,6u

O

Р К
D

 


 
, 

where σu – is the ultimate tensile strength, N/m2;  – is 
the (average) wall thickness of the pipe, m; DO – is the 
outer diameter of the pipe, m; К – is a dimensionless cor-
rection factor: 
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    
 

, 

where min  – is the minimal  thickness of the pipe along 

the entire length of the pipeline, m; h – is the maximal 
pipe thickness over the entire length of the pipeline, m. 

24. The working pressure of the medium, used  
in the steel pipeline, is determined according to  
OST 92-8751–80. Table shows some parameters that are 
allowed for the main sizes of steel pipelines/ 

25. In drawings, containing a complex configuration 
of 3D pipes, as well as in those, where there are bending 
forms of pipes, it is required to specify in the technical 
requirements, necessity to conduct hydraulic or pneumatic 
strength tests with a pressure exceeding the working pres-
sure of the medium by 1.25÷1.5 times in accordance with 
paragraph 3.5.1 of OST 92-8751–80. This test must con-
firm absence of cracks, gas pores, and other non-metallic 
inclusions in the pipe wall and unacceptable wall thick-
ness defects. In this case, the test equipment, technology 
for preparing and conducting tests must exclude contami-
nation, grease, oil, gasoline and other liquids and their 
vapors from entering the internal cavities of the pipe. Dur-
ing the test, it is obligatory to perform pressure loading 
smoothly without sudden jumps to the set value for  
at least 30 seconds (deviation from the set pressure value 
by not more than ±5 % according to paragraph 3.5.11  
of OST 82-8751–80). Measuring the pressure is to be held 
with pressure gauges of accuracy class not less than 2.5 in 
accordance with GOST 2405–88. 

26. Requirements to the design of the bending unit are 
set out in section 2 of OST 92-8751–80. In particular, the 
following requirements are highlighted for the pipe bend-
ing unit: the unit must be protected from direct exposure 
to precipitation and the sun; the recoil and actuation 
forces must be firmly and reliably fixed in the unit (for 
example: it is necessary to specify the amount of tighten-
ing of threaded parts in the CD, provide locking – as a 

means of protection against disconnection of parts during 
vibration); the diameter of the trunk is to be chosen, ac-
cording to the desired pressure drop and allowable pres-
sure drop; parameters of composite components of the 
bending unit and pipes (working environment, working 
pressure, nominal diameter, order of operation, etc.) 
should correspond to each other; releasable connection of 
the unit is to be placed in locations convenient for main-
tenance and repair; the height of the pipe bending table on 
the unit should also be convenient for the operator (not 
more than 1.5 m); protection of parts and the pneumatic 
hydraulic system from corrosion must be provided;  
the safety system of the device must be followed for  
the service personnel. The symbol and image of pipeline 
elements are regulated in GOST 2.784-96 and in  
OST 92-0039–74. 

Opportunities of temperature influence on the pipe 
bending process. When defining method and technology 
of pipe bending, the first place is given to implementation 
of the specified parameters of pipe bending, optimizing 
the costs of the technological process simultaneously.  
If to use an unprepared pipe for bending (according to 
technical characteristics) and perform bending on a non-
specialized (economical) manual pipe-bending apparatus, 
it is very difficult to provide a bending radius of less  
than 4D. 

When determining whether a material is ready for the 
bending process, the following technical parameters  
are considered. The phenomena of elasticity and plasticity 
are well illustrated using the material tension diagram 
(fig. 3). 

Diagrams of stretch and mechanical characteristics of 
materials depend on many factors. The most significant 
influence on them exert the rate of deformation, tempera-
ture, and technological factors. 

Increasing the rate of deformation of the material v 
leads to a decrease in the plastic properties and 
strengthening of the fragile ones, reducing the relative 
deformation at break δ. Simultaneously, σt and σb 
increase. In this case, the elastic characteristics of the 
material - modulus of  elasticity  E and the coefficient of 
transverse deformation  remain unchanged. 

The influence of higher and lower temperatures on 
metals is more significant. When temperature E increases, 
σs, σu, in their turn, decrease, and the coefficient of 
transverse deformation  and δ increase. 

Calculations of structures, which operate beyond the 
elastic limits of the materia, are based on experimentally 
obtained tensile diagrams. To perform calculations,  
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the equation of the stretch diagram is given in the form:  
σ = f (ε). 

For an isotropic body within elastic deformations, 
when calculating the deformation process of a material, it 
is possible to write six equations, which link the stress 
components with components of deformation: 

1
( ( ))

1
( ( ))

1
( ( ))
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; 

Beyond the elastic limit, taking into account 
temperature deformations, Hooke's law has the following 
form: 
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. 

The modulus of elasticity is replaced by the ratio of 
the deformation intensity εi to the stress intensity σi: 
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For an isotropic body, the main directions of 
deformation coincide with the main directions of 
displacement. 

For aluminum, E = 0.7·105 MPa; for copper,  
E = 1.2·105 MPa; for steel, E = 2·105 MPa. 

It is also necessary to take into consideration such in-
dicators as: the elastic limit, which is the maximum value 
of mechanical stress at which the deformation of this ma-
terial remains elastic, and the limit of proportionality is 
the maximum amount of stress for a particular material, at 
which Hooke's law is still applied, namely, deformation 
of the body depends directly on the applied load. 

A study of patent documentation and technical litera-
ture was conducted, in which the issues of force and tem-
perature effects on the pipe bending process [14–16] were 
considered. On the basis of analysis and generalization of 
the information obtained, the following main parameters 
and regularities of technological processes are identified: 

1. Performing bending of a heated pipeline: when 
heated to 800÷1000 °C, the values of σв and σо are re-
duced up to three times, what lowers index of the bending 
force and makes it possible to obtain complex curved tra-
jectories of the pipe. However, this process is extremely 
energy-intensive and economic profitability of this 
method of blending is very uncompetitive. This method is 

used only if there is no other way to manufacture a com-
plex 3D pipeline. 

2. Narrow-zone local heating of the place of bending 
on the pipe up to 1100 °C reduces the possibility of cor-
rugation, and also the index of the impact force on the 
pipe by 6÷7 times. When using modern energy-intensive 
technologies for narrow-zone heating of the place  
of bending on the pipe, good indicators of the diameter 
and radius dimensions of the pipe bend can be achieved 
through the heating elements of the flexible mandrel.  
Additional energy costs for heating the mandrel elements 
in this case can be compensated by means of reduced  
energy costs on the force of impact on the pipe during 
bending. 

3. The pipeline (usually an aluminum alloy pipe) is 
cooled with nitrogen before being bend to the temperature 
of –200 °C, and water is used as a filler in the pipe (ac-
cording to OST 92-1511). It is necessary to take into con-
sideration possible structural changes in the pipe material, 
so if reliability and strength indicators are lowered, what 
results in prohibiting further application of the pipe,  
subsequent heat treatment of this pipe, according  
to OST 92-1311, will be required to restore the strength 
properties of it, what will reduce the financial profitability 
of this method. 

Therefore, in order to make a decision about using this 
method, it is necessary to conduct testing of experiments 
(different temperature conditions, different bending forces 
used, different materials and pipe alloys used, etc.) and 
choose the optimal bending technology with cooling 
without su4. 

4. Laser cooling of atoms of the tube material (be-
cause of resonant light pressure) is laser irradiation of the 
tube material, and the average energy of the emitted pho-
tons must exceed the energy of the absorbed photons (in 
other words, when anti-Stokes emission occurs, at fre-
quencies higher than the laser frequency, the Stokes emis-
sion dominates, frequencies of which  have lower values, 
under a condition, that the speeds of non-radiative transi-
tions from excited States are negligible in relation to the 
speeds of optical transitions), in this case, the internal 
degrees of freedom of the atoms of the pipe material, 
which are connected by heat exchange with the environ-
ment, are cooled. Cooling of atoms under resonant light 
pressure continues until the fluctuations of the atom's 
momentum, which are inevitable in the process of sto-
chastic re-emission of a large number of atoms, enter the 
process. Types of laser cooling are as follows: anti-Stokes 
laser cooling (photoluminescence method); Doppler cool-
ing (the method is based on the Doppler effect and spon-
taneous Raman scattering); fluorescent cooling (the fre-
quency of laser radiation exceeds the frequency of ordi-
nary light, absorbed by the tube material). 

5.  Application of greasing from petroleum products 
on the outer surface of the pipe material, such as mineral 
oils, fuel oil, paraffin, petrolatum, vegetable oils (castor), 
soap suspensions in oil (for example, an emulsion greas-
ing for bending aluminum – a mixture of alkyl esters and 
an ox ethylated aliphatic mixture of surfactants), talc 
powders, graphite powders, molybdenum disulfide pow-
ders. 
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In the operation of cold bending of the pipe when ap-
plying one of the mixtures on the pipe in the material, 
near the surface in the stretch zone, stresses are reduced 
and plastic properties are improved. Slight heating of the 
bend area with this coating dramatically increases the 
coefficient of plasticity. 

6. Application of modern fillers inside the bent pipe, 
which change its temperature and contain: over cooled 
ice, quartz sand, liquid mixtures, emulsions, oils, surface 
lubricants of the pipe and other fusible and loose fillers.  
It is necessary to conduct production experiments with 
different materials and temperature conditions: with regis-
tration of results; analysis of the results obtained and 
working out the most effective technology. 

Mechatronic system of the CNC bending machine 
operation algorithm. The task of the 3D pipeline bend-
ing process is to create a universal bending machine 
(UBM), which has the following functions: 

1. It is possible to use three types of bending technol-
ogy: bending without heating and without cooling (in-
cluding a flexible mandrel and without a flexible man-
drel); bending only with narrow-zone heating; bending 
only with cooling. 

2. It can operate in three operating modes: manual; 
automatic (with numerical control); universal variable 
mode (automatic reproduction of individual mechanical 
bending operations, using actuators or temperature control 
operations, which are started manually by the operator 
through control display). 

3. The UBM is maintainable, has cheap, periodically 
replaced bending elements (bending rollers, gripping and 
rotating devices, oils, etc.) and does not have expensive 
imported parts and assemblies. 

4. The UBM is designed as a constructor, allowing 
regulation and improvement of the machine, the possibil-
ity of using several bending technologies, and the possi-
bility of experimenting with a bending head (consisting of 
lobes with bearings with an induction function), as well as 
allowing experiments with technologies. 

5. The UBM allows the operator to produce a 3D 
pipeline according to the drawing without creating a spe-
cial information program, that is, using only the interface 
and basic programs, recorded on the programmed logic 
microcontroller of the automation Cabinet. 

The General functional schema of the UBM is shown 
in fig. 4. 

A stand for entering a 3D pipeline bending task pro-
vides UBM with information for step-by-step operations 
[17; 18]. The device of the stand must be made in a uni-
versal mixed form: a touch-button panel [19]. 

The touch panel should perform the function of de-
tailed input of bending information and allow further im-
provement of the UBM control software, and the keypad 
should reliably fulfill the function of performing a one-
time mechanical bending operation. The pipe bending 
trajectory is set by pressing the keys on the sensor pro-
vided with designation of logical elements and numeric 
values for specifying the pipe size and the bending path. 
Also, the information input stand must have a USB socket 
for a Flash drive.  

From the stand, information is sent to the programma-
ble controller of the automation Cabinet (in which micro-
electronic integrated circuits can be used as an element 
base). When developing the automation Cabinet of the 
UBM control system, it is necessary to take into account 
that in comparison with the controller, having relay-
contact equipment, the microcontroller has contactless 
electronic blocks, which in turn have high reliability in 
operation and small size. A serious drawback of the mi-
crocontroller is the limited number of programmable op-
erations, so the final choice of using the controller or mi-
crocontroller will depend on this parameter. The control 
program of the controller (a set of commands, written  
on the programming language, coinciding specified  
algorithm for the operation of bending machine) must 
contain both geometric and technological information, 
which should be able to be adjusted by the profile special-
ists.  

 
 

 
 

Fig. 3. The diagram of deformation of material under tension 
 

Рис. 3. Диаграмма деформации материала при растяжении 
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Fig. 4. Functional schema of the universal bending machine 

 
Рис. 4. Функциональная схема работы  
универсального гибочного станка 

 
 

The control program is to meet requirements of GOST 
20999–83 (CMEA ST 3585–82), which will be clear  
to most systems, regardless of the manufacturer and op-
erator.  

Control of the UBM mechanisms’ operation must be 
provided by sensors, located on the UBM bending table 
(light, magnetic, ray optical, etc.) and relays (pressure, 
time, etc.), the signal from which is sent to the controller 
of the automatic control system Cabinet. Connecting of 
the controller panel of automation system to the local 
network of the enterprise will allow to transmit informa-
tion of the machine (presence of oil, air, pressure level in 
the system, etc.) and to perform maintenance in case of 
breakage or jamming of the operating mechanisms of the 
UBM. Operation of the actuators of the bending machine 
is determined by the drives (devices that convert electrical 
energy into mechanical energy through the electric motor 
and the actuators of the machine that control the parame-
ters of the bending). 

In the bending machine, it is possible to use the fol-
lowing types of drives: electric, electromechanical, pneu-
matic, hydraulic, and electro-hydraulic. 

The movement parameters of the mechanism are con-
trolled with the help of a control parameter Converter, a 
feedback sensor, a setting device, and a protection device. 
It is also necessary to use auxiliary drives, which imple-
ment movements, which have an auxiliary character: in 
clamping devices, loading devices, pumps, etc. With the 
help of an electric drive Converter, it is possible to 
smoothly adjust changes in current parameters – for ex-
ample, with electric pitch splitting (which can allow 
changing the parameters of speed of bending rollers, as 
well as power of the roller pressure on the pipe, etc.) or 
voltage (for example, converting AC to DC). 

Simultaneously, a mechanical transmission between 
the output link of the source of motion (the motor shaft) 
and the link consumption of mechanical energy (e. g. rod 
hydraulic cylinder) is to be used; in this process, a kine-

matic transformation of the change in the direction of 
force and speed of linear movement, or a transformation 
of the change in the plane of rotation during rotational 
movement takes place. 

In the UBM mechanism it is necessary to determine 
the main motion drives, which are involved in the direct 
bending process and from which accuracy and quality of 
bending of pipelines depends. For this purpose, in these 
drives: increase of the range of regulation by the Con-
verter, using zero position sensors (GOST 20523–80), 
ensuring shock-free start and braking (using a pulse sen-
sor) are additionally used. 

The cyclorama of the UBM executive mechanisms se-
quence is as follows: 

1. Input pipe parameters on the touch panel (external 
diameter, wall thickness, total length of the pipe). 

2. Installing the pipe in the UBM feed mechanism (in 
the delivery state). 

3. Pipe capture by the “capture and movement Mecha-
nism” of the UBM. 

4. Input 3D bending path parameters sequentially on 
the touch panel: 

 
LENGTH of straight section of pipe (mm) 

↓ 
BENDING TECHNOLOGY 

– application of prepared pipe for bending (chilled); 
– application of a spray grease on the surface of the pipe; 

– application of a mandrel for bending (yes/no); 
↓ 

BEFORE BENDING WITH MANDREL 
– application of a heating element of the mandrel (yes/no); 
– input of the heating temperature of the heating elements; 

↓ 
Horizontal turning RADIUS (mm) 

↓ 
The ANGLE at which the radius is turned (up to 360) 

↓ 

Information Input Panel 

Touchpad Keypad 

Entering tube parameters 
and bending parameters 

Pressing a button to 
perform one mechanical 

operation 

Automation control system 

Machine Actuators 

Sensors and relays for monitoring operations 
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↓ 
LENGTH of straight section of pipe (mm) 

↓ 
UGA STOP for checking obtained pipe dimensions (tak-

ing into consideration the spring back of the material) 
↓ 

MODIFICATION of the pipe on the UGA using the key-
pad (if necessary) 

↓ 
CHECKING the modified dimensions on the pipe 

↓ 
THE LAUNCH OF THE UGA 

↓ 
ANGEL of axial rotation of the pipe 

↓ 
... (iteration). 

 
5. Execution of the UBM of the straight part of pipe, 

using capture and movement mechanism. 
6. Location change of the bending rollers of the ma-

chine from the starting position to the position, taking into 
different bending radius of the pipe (see fig. 5, b, c, g). 

7. Execution of bend of the pipe on the UBM in ac-
cordance with a predetermined trajectory of 3D model.  

Several key factors, which affect the bending process 
and increase the efficiency of the UBM, should be taken 
into consideration: 

– the possibility of general or local zone heating (for 
example, by high-frequency currents, etc.) application  
in case of some difficulties in the process of bending 
(thick pipe walls, pipe breaks, unacceptable pipe sinking, 
etc.); 

– the possibility of using greasing oils of the pipe 
walls; 

– the possibility of using a prepared cold billet (inside 
the pipe, water ice obtained with cooled nitrogen); 

– the possibility to reduce goffer formation by install-
ing an additional roller from the center of the bend; 

– the ability to control the UBM manually, when 
modifying the pipe bend, if the material spring coefficient 
is not taken into consideration. 

Conclusion. In the review of this article an attempt to 
consider all the factors, which affect the efficiency of the 
pipe bending process, is made. An overview of the nor-
mative documentation of industry aerospace standards, 
regulating pipeline bending, is presented, as well as re-
quirements for a universal bending machine, which allow 
application a temperature-free and non-temperature tech-
nological process of bending pipelines of complex con-
figuration. A cyclorama of the sequence of functioning of 
the UBM executive mechanisms is given and a schematic 
drawing of the process of bending by a universal machine 
is presented. 

The main advantage of the technology, being devel-
oped, and universal bending equipment is the possibility 
of application of different bending technologies on this 
equipment, a large range of sizes of pipes being bended, 
simplicity of operation of the equipment, comparative 
cheapness of technologies and opportunity of improving 
them, low cost of repairing, simplicity of maintenance of 
the UBM. Additional advantage of the UBM is the possi-
bility of working out and finding the most effective bend-
ing technology and the possibility of making improve-
ments to the design of the UBM.  

 

 
 

Fig. 5. Schematic drawing of the universal bending machine 
 

Рис. 5. Схематический рисунок универсального гибочного агрегата 
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INFLUENCE OF A CONSTANT ELECTRIC FIELD ON THE ADSORPTION PURIFICATION  
OF WATER FROM IRON IONS 

 
I. Y. Shestakov, A. V. Khilyuk 

 
Reshetnev Siberian State University of Science and Technology 

31, Krasnoyarsky Rabochy Av., Krasnoyarsk, 660037, Russian Federation 
E-mail: h-anna7@bk.ru 

 
Using electrochemical action (ECA) to treat water was first proposed in UK in 1889. At present, many methods of 

ECA are known (electro flotation, electro coagulation, electro osmosis, electrophoresis, etc.). 
In the production of rocket and space technology, galvanic technologies are used, as a result of which waste water 

is contaminated with metal ions. Known methods of wastewater treatment do not allow to ensure the maximum permis-
sible concentration of metal ions in treated water, or are expensive or difficult to operate in industry. Iron ions are 
among the most polluting components of wastewater of most industries. So increased control and the development of 
effective methods of wastewater treatment are necessary. Iron affects the intensity of phytoplankton development and 
the qualitative composition of microflora in reservoirs. The toxicity of iron compounds in water depends on the hydro-
gen index of water. The alkaline environment dramatically increases the risk of fish poisoning, as in such conditions, 
iron hydroxides are formed, which are deposited on the gills, clog and corrode them. In addition, iron compounds bind 
oxygen dissolved in water, which leads to the mass death of fish and other hydrobionts. 

The article presents the method of conducting experiments, the methods of sorption, electrochemical and combined 
water treatment, including electrochemical action and adsorption. The results of studies of these methods of water puri-
fication from iron ions are presented. The dependence of the degree of purification on the electric field strength, inte-
relectrode distance and water treatment time is revealed. With an electric field strength of 5.16 V/mm, a temperature of 
20–22 °C using quartz sand as an adsorbent and a processing time of 1 minute, the concentration of iron ions decreased 
from 2.5 to 0.25 mg/l (at MPC = 0.3 mg/l). The proposed combined cleaning method requires inexpensive and afford-
able materials and is easy to operate. 

 
Keywords: electrochemical method, iron, degree of purification, alternating current, direct current, sorbent. 
 
 

ВЛИЯНИЕ ПОСТОЯННОГО ЭЛЕКТРИЧЕСКОГО ПОЛЯ  
НА АДСОРБЦИОННУЮ ОЧИСТКУ ВОДЫ ОТ ИОНОВ ЖЕЛЕЗА 

 
И. Я. Шестаков, А. В. Хилюк 

 
Сибирский государственный университет науки и технологий имени академика М. Ф. Решетнева, 

Российская Федерация, 660037, г. Красноярск, просп. им. газ. «Красноярский рабочий», 31 
E-mail: h-anna7@bk.ru 

 
Использование электрохимического воздействия (ЭХВ) для обработки воды впервые было предложено в Ве-

ликобритании в 1889 г. В настоящее время известно много методов ЭХВ (электрофлотация, электрокоагуля-
ция, электроосмос, электрофорез и др.).  

В производстве ракетно-космической техники применяются гальванические технологии, в результате ко-
торых происходит загрязнение сточных вод ионами металлов. Известные методы очистки сточных вод не 
позволяют обеспечить предельно-допустимую концентрацию ионов металлов в очищенной воде либо являются 
дорогостоящими или сложными в эксплуатации в промышленности. Одним из часто встречающихся загряз-
няющих компонентов является ионы железа, входящего в состав сточных вод большинства отраслей про-
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мышленности, что требует повышенного контроля и разработки эффективных методов очистки сточных 
вод. Железо влияет на интенсивность развития фитопланктона и качественный состав микрофлоры в водо-
емах. Токсичность соединений железа в воде зависит от водородного показателя воды. Щелочная среда резко 
увеличивает опасность отравления рыб, так как в таких условиях образуются гидроксиды железа, которые 
осаждаются на жабрах, закупоривают и разъедают их. Кроме того, соединения железа связывают раство-
ренный в воде кислород, что приводит к массовой гибели рыб и других гидробионтов. 

В статье представлена методика проведения экспериментов, рассмотрены методы сорбционной, элек-
трохимической и комбинированной очистки воды, включающие электрохимическое воздействие и адсорбцию. 
Представлены результаты исследований этих методов очистки воды от ионов железа. Выявлена зависи-
мость степени очистки от напряженности электрического поля, межэлектродного расстояния и времени 
обработки воды. При напряженности электрического поля 5,16 В/мм, температуре 20–22 0C, использовании 
кварцевого песка в качестве адсорбента и времени обработки в течение 1 мин. концентрация ионов железа 
уменьшилась с 2,5 до 0,25 мг/л (при ПДК = 0,3 мг/л). Предлагаемый комбинированный метод очистки требует 
не дорогих и доступных материалов и прост в эксплуатации. 

 
Ключевые слова: электрохимический метод, железо, степень очистки, переменный ток, постоянный ток, 

сорбенты. 
 
Introduction.  In the production of space rocket 

technology, galvanic technologies are used, as a result of 
which sewage is contaminated with metal ions. Known 
methods of wastewater treatment do not allow for the 
maximum permissible concentration of metal ions in 
treated water, or are expensive or difficult to operate in 
industry. Iron ions are among the most polluting compo-
nents of wastewater of most industries. So increased 
control and the development of effective methods of 
wastewater treatment are necessary. The development of 
a method for cleaning industrial wastewater from metals 
is an actual area of research and assumes the presence of 
not only a high cleaning result, but also optimal parame-
ters when introduced into the process [1; 2], which in-
cludes electricity costs, consumables and processing 
time. 

The methodology of the experiment. The effect of a 
constant electric field on the adsorption treatment of water 
from iron ions was studied in a cell using pairs of plate 
electrodes (fig. 1). The cell is made of a dielectric mate-
rial in the form of a cylindrical tube in which the anode 
and cathode are alternately mounted. The electrodes are 
made of stainless steel 12X18H10T (4 plates 1 mm thick 
each). The interelectrode distance is 12 and 25 mm. Sor-
bents (quartz sand or natural zeolites) were poured into 
the space between the electrodes. The electrodes were 
connected in parallel to a direct current source. The vol-
ume of treated water is 1 liter. A voltage was applied to 
the terminals of the electrodes and water was passed 
through in a non-pressure way for 1 minute with stabiliza-
tion of the current strength of 0.025 A and a voltage at the 
terminals of the electrodes from 18 to 62 V. Fe (III) salts 
were dissolved in water at an average ion concentration  
of 2.5 mg/l. To record the process parameters, standard 
instruments were used – a voltmeter (accuracy class 0.4), 
ammeter (0.5). 

The degree of purification was determined by the for-
mula, %: 

100o к

о

C C
Y

С

 
  
 

, 

where Со, Ск are the initial and final concentration of the 
removed metal ion, mg/L. 

The specific energy consumption W for purifying a 
unit volume of water, (kW·h)/m3, was calculated by the 
expression: 

310trIUt
W

V
  

 

where I is current, A; U is the voltage at the terminals of 
the electrodes, V; ttr. – flow interval passing through the 
treated water, h; V is the volume of filled water, m3; 10–3 
is the conversion factor from W to kW. 

Research results. Fig. 2 shows the results of purifica-
tion of water from Fe ions with an initial concentration of 
2.5 mg/l at a constant electric current of different tensions 
with sorbents 

In the course of previous experiments at two plants  
for wastewater treatment [3–5] the main parameters  
that are most important in water treatment were analyzed: 
the distance between the electrodes (L, m), the voltage at 
the terminals of the electrodes (U, V) and processing time 
(T, s).  

Fig. 3 shows the results of the analysis (obtained using 
the Statgraphics experimental data processing program) of 
the dependence of the degree of water purification from 
Fe ions when the time of the action of a constant electric 
current on quartz sand changes at different voltage on the 
electrodes.  

The temperature of the treated water was in the range 
from 20 to 22 °C [6; 7] and the dispersion of quartz sand 
particles was from 0.5–1.2 mm [8–11]. 

When considering the response surface, it can be seen 
that the total iron indicators (fig. 3) in purified water are 
as close as possible to standard values with an increase in 
processing time [12]. 

An analysis of the obtained experimental data showed 
that the efficiency of the electrochemical method using 
direct electric current and alternating electric current of 
industrial frequency depends on the interelectrode dis-
tance, voltage at the terminals of the electrodes, and proc-
essing time. The degree of purification improves with 
increasing electric field strength [3–5; 13].  
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Fig. 1. Experimental setup diagram: 
1 – DC power supply with output voltage regulation; 2 – casing cell; 3 – the upper  
container of water; 4 – purified water tank; 5 – steel electrodes-anodes; 6 – steel  

electrodes-cathodes; 7 – current leads; 8 – valve (clamp); 9 – adsorbent 
 

Рис. 1. Схема экспериментальной установки: 
1 – источник постоянного тока с регулированием выходного напряжения; 2 – корпус 
ячейки; 3 – верхняя ёмкость с водой; 4 – ёмкость для очищенной воды; 5 – стальные 

электроды-аноды; 6 – стальные электроды-катоды; 7 – токовводы; 8 – вентиль  
(зажим); 9 – адсорбент 

 
 

 
 

Fig. 2.  Results of influence of input parameters of the process on the degree  
of purification in a plant with direct current and sorbents 

 
Рис. 2. Результаты влияния входных параметров процесса на степень очистки  

в установке с постоянным током и сорбентами 



 
 
 

Технологические процессы и материалы 
 

 139

 
 

Fig. 3. Dependence of the degree of water purification from Fe ions when changing the time  
of exposure to direct electric current on quartz sand at different voltages on the electrodes 

 
Рис. 3. Зависимость степени очистки воды от ионов Fe при изменении времени  

воздействия постоянного электрического тока на кварцевый песок при различном  
напряжении на электродах 
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Fig. 4. Results of research on water treatment methods 
 

Рис. 4. Результаты исследований методов очистки воды 
 
 

 
At the same voltage (U = 18 V) the cleaning technol-

ogy with alternating electric current of industrial fre-
quency turned out to be more effective.  

The specific energy consumption and the degree of 
purification of the electrochemical method based on the 
use of direct electric current were: 
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The results of studies of water treatment methods at a 
voltage of U = 18 V, processing time t proc. = 60 s, and the 
initial ion concentration Fe = 2.5 mg/m3 are presented in 
fig. 4. 

Conclusion. The specific energy consumption and the 
degree of purification of the electrochemical method  
using alternating electric current of industrial frequency: 
W = 1.8 (kW·h)/m3, Y = 99 % [4]. However, this method 
is based on the introduction of a coagulant after electro-
chemical exposure and settling of water for eight hours, 
which reduces productivity and requires additional set-
tling tanks. In the electrochemical process, the formation 
of iron hydroxide occurred in the volume of water without 
sorbents, which led to an increase in the turbidity of the 
water. To extract iron hydroxide, water settling is neces-
sary [4.14].  

The combination of electrochemical action and the use 
of adsorbents made it possible to raise the degree of puri-
fication to 80 %, while the specific energy consumption is 
4.5 (kW·h)/m3. An increase in the electric field strength to 
5.16 V/mm will allow purifying water from iron ions to 
the MPC level (0.3 mg/l). 
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